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The determination of the isotopic composition of natural substances is an important field of research 
within isotope geochemistry. Especially the investigation of the alkaline earth element strontium (Sr) 
plays an important role in geological and geochemical research. In order to quantify the degree of 
natural stable Sr isotope fractionation a double spike technique was developed in the frame of this 
study. This technique allows the precise determination of natural Sr isotope fractionation without 
normalizing the 87Sr/86Sr to a fixed 88Sr/86Sr ratio in order to correct for instrumental mass 
fractionation. Variations in the stable Sr isotope ratio are presented in the common δ-notation in per 
mill [‰] deviation from standard material NIST SRM 987 
(δ88/86Sr[‰]=((88Sr/86Sr)sample/(
88Sr/86Sr)standard–1)∙1000). Measurements were carried out at the IFM-
GEOMAR in Kiel using a thermal ionization mass spectrometer (TIMS). Long term measurements of 
the coral standard JCp-1 and the seawater standard IAPSO resulted in δ88/86Sr=0.194±0.025‰ and 
δ88/86Sr=0.389±0.026‰ (2SD), respectively. This corresponds to an improvement of measurement 
precision of at least a factor of 2 when compared to multi collector inductively coupled plasma mass 
spectrometer (MC-ICP-MS) measurements using bracketing standard (FIETZKE and EISENHAUER, 2006). 
The precise determination of natural Sr isotope fractionation adds a new dimension to the well 
established radiogenic Sr isotope system. Seawater and marine carbonates show significant 
differences in their stable Sr isotopic composition which were not accessible by applying the 
radiogenic 87Sr/86Sr ratio alone. In order to constrain glacial/interglacial changes in the marine Sr 
budget the isotope composition of modern seawater and modern marine biogenic carbonates are 
compared with the corresponding values of river waters and hydrothermal solutions in a triple 
isotope plot (δ88/86Sr vs. 87Sr/86Sr). The Sr sources (87Sr/86Sr ~ 0.7106±0.0008, δ88/86Sr ~ 0.31±0.01‰) 
show a heavier isotopic composition compared to marine carbonates (87Sr/86Sr ~ 0.70926±0.00002, 
δ
88/86Sr ~ 0.21±0.02‰), representing the main Sr sink. This reflects isotopic disequilibrium with 
respect to Sr inputs and outputs. In contrast to the modern ocean, isotope equilibrium between 
inputs and outputs was achieved during the last glacial maximum (10-30 kyr before present). This can 
be explained by invoking three times higher Sr inputs from a uniquely “glacial” source: weathering of 
shelf carbonates exposed at low sea levels. Our data are also consistent with the “weathering peak” 
hypothesis that invokes enhanced Sr inputs resulting from weathering of post-glacial abundant fine-
grained material left exposed by the retreating ice masses (VANCE et al., 2009). 
Furthermore, the temperature dependency of δ88/86Sr in cultured and temperature controlled (21°C 
to 29°C) warm water corals (Acropora sp.) was investigated. A strict linear trend like reported by 
(FIETZKE and EISENHAUER, 2006; RÜGGEBERG et al., 2008) could not be confirmed in this study. Our 
measurements rather revealed a nonlinear relationship between temperature and δ88/86Sr 
(δ88/86Sr=0.001∙T2 – 0.039∙T + 0.692, r2=0.47) whereas the Sr/Ca ratio shows the expected linear 
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trend. Moreover, we determined δ88/86Sr-, δ18O- and Sr/Ca-ratios of a fossil (15 kyr B.P.) Porites sp. 
coral originating from Tahiti (French-Polynesia). The Sr/Ca as well as the isotope ratios shows a 
similar seasonal variability. Fossil Porites sp. (δ88/86Srmean=0.205±0.017‰, 2SEM) and recent Porites 
sp. represented in this study by the coral standard JCp-1 (δ88/86SrJCp-1=0.194±0.009‰, 2SEM) show 
connatural mean δ88/86Sr values. The average δ88/86Sr is obviously not affected by enhanced 
weathering and elevated Sr fluxes from exposed shelves during glacial times like it is the case for 
Sr/Ca elemental ratios. Therefore, stable Sr isotope fractionation can potentially serve as 






Die Bestimmung der isotopischen Zusammensetzung natürlicher Substanzen ist ein wichtiges 
Forschungsfeld der Isotopengeochemie. Speziell die Untersuchung des Erdalkalielements Strontium 
(Sr) spielt eine wichtige Rolle in der geologischen und geochemischen Forschung. Um den Grad der 
natürlichen Sr Isotopenfraktionierung zu bestimmen wurde im Rahmen dieser Arbeit eine 
Doppelspike Methode entwickelt. Diese Methode erlaubt die präzise Bestimmung der natürlichen Sr 
Isotopenfraktionierung ohne das 87Sr/86Sr Verhältnis auf ein konstantes 88Sr/86Sr Verhältnisses zu 
normieren, um für die maschinelle Isotopenfraktionierung zu korrigieren. Variationen des 88Sr/86Sr 
werden in der üblichen δ-Notation als Abweichung vom Strontiumcarbonatstandard NIST SRM987 in 
Promille [‰] angegeben (δ88/86Sr [‰]=((88Sr/86Sr)Probe/(
88Sr/86Sr)Standard – 1)∙1000). Die Messungen 
wurden an einem Thermionen-Massenspektrometer (TIMS) am IFM-GEOMAR in Kiel durchgeführt. 
Der Korallenstandard Standard JCp-1 und der Meerwasser Standard IAPSO wurden mit 
δ88/86Sr=0.194±0.025‰ bzw. δ88/86Sr=0.389±0.026‰ (2SD) bestimmt. Dies entspricht, verglichen mit 
Multikollector- induktiv gekoppelter Plasma-Massenspektrometrie (MC-ICP-MS) unter Verwendung 
der Bracketing Standard Methode (FIETZKE and EISENHAUER, 2006), einer Verbesserung der 
Messgenauigkeit mindestens um den Faktor 2. 
Die präzise Bestimmung natürlicher Sr Isotopenfraktionierung erweitert das etablierte radiogene Sr 
Isotopensystem um eine zusätzliche Dimension. Dadurch lassen sich marine Carbonate nun 
isotopisch vom Meerwasser unterscheiden, was aufgrund der Normierung auf ein festes 88Sr/86Sr 
Verhältnis vorher nicht möglich war. Um Änderungen im Sr Budget des Ozean während 
Glazial/Interglazial Übergängen zu untersuchen, werden die Isotopien von rezentem Meerwasser und 
rezenten biogenen marinen Carbonaten mit den entsprechenden Werten von Flusswasser  und 
Hydrothermalfluiden in einem drei Isotopen Diagramm verglichen (δ88/86Sr vs. 87Sr/86Sr). Die Sr 
Quellen (87Sr/86Sr ~ 0.7106±0.0008, δ88/86Sr ~ 0.31±0.01‰) zeigen dabei eine schwerere Isotopie als 
marine Carbonates (87Sr/86Sr ~ 0.70926±0.00002, δ88/86Sr ~ 0.21±0.02‰), welche die wichtigste Sr 
Senke des Ozeans repräsentieren. Dieser Unterschied zwischen Sr Quellen und Senken zeigt, dass 
sich der heutige Ozean im isotopischen Ungleichgewicht befindet. Während der letzten Eiszeit (10-30 
ka v.h.) befand sich der Ozean im isotopischen Gleichgewicht. Dies kann durch einen ~3 Mal höheren 
Sr Fluss, verursacht durch die Verwitterung freiliegender Schelfe, erklärt werden. Der Unterschied in 
der radiogenen Signatur der Sr Quelle zum Gleichgewichtswert unterstützt die Hypothese eines 
„Verwitterungspeak“. Dabei kommt es zu einem zusätzlichen post-glazialen Sr Eintrag durch die 
Verwitterung des von den Gletschern zurückgelassenen feinen Gesteinssubstrats (VANCE et al., 2009).  
Ein weiterer Schwerpunkt dieser Arbeit ist die Untersuchung der Temperatursensitivität des δ88/86Sr. 
Dazu wurde die Sr Isotopie von Warmwasserkorallen (Acropora sp.) aus temperaturkontrollierten 
Hälterungsexperimenten (21°C bis 29°C) untersucht. Ein streng linearer Zusammenhang zwischen 
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Wassertemperatur und δ88/86Sr, welcher zuvor gefunden wurde (FIETZKE and EISENHAUER, 2006; 
RÜGGEBERG et al., 2008), konnte hier nicht bestätigt werden. Vielmehr zeigen die δ88/86Sr Daten einen 
quadratischen Zusammenhang mit der Hälterungstemperatur, wohingegen die Sr/Ca Daten den 
erwarteten linearen Zusammenhang zeigten. 
Des Weiteren wurden δ88/86Sr-, δ18O- und Sr/Ca Verhältnisse einer fossilen (~15 ka) Porites Koralle 
aus Tahiti (Französisch-Polynesien) analysiert. Das Elementverhältnis Sr/Ca sowie die Isotopien 
zeigen ähnliche saisonale Verläufe. Im Mittel zeigt die fossile Porites Koralle eine vergleichbare Sr 
Isotopie (δ88/86Srmittel=0.205±0.017‰) wie rezente Porites Korallen die in dieser Studie durch den 
Korallenstandard JCp-1 repräsentiert werden (δ88/86SrJCp-1=0.194±0.009‰). Im Gegensatz zum Sr/Ca 
Verhältnis ist das mittlere δ88/86Sr offensichtlich nicht durch verstärkte Verwitterung freiliegender 
Schelfe, wie sie währen Eiszeiten stattfindet, beeinflusst. Daher kann δ88/86Sr als unabhängiger 
Parameter zur Rekonstruktion von früheren Oberflächenwassertemperaturen herangezogen werden. 
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I. General introduction 
I.1 Non-traditional stable isotope geochemistry 
The determination of variations in the isotopic composition of elements in different materials arising 
from chemical, biological or physical processes rather than nuclear processes provides the basis of 
‘stable isotope geochemistry’.  
Since the invention of the mass spectrometer in the first half of the 20th century the isotopic 
composition of different materials has been investigated in order to give answers to geological 
questions. Due to the low resolution of these early instruments, it was not possible to resolve 
isotopic variations smaller than several hundred per mill [‰]. Only isotope systems with a radiogenic 
component like the strontium (Sr) isotope system or ‘light’ stable isotopes with a large relative mass 
difference like carbon (C), nitrogen (N), hydrogen (H) or oxygen (O) show natural isotopic variations 
large enough to be resolved at this early stage of stable isotope geochemistry. Light elements have 
been investigated since the late 1930´s when Alfred O. Nier demonstrated the natural variability of 
their isotopic composition (NIER, 1938).  
The theoretical basis for the mechanisms driving natural stable isotope fractionation was provided by 
(UREY, 1947) who - in wise foresight - suggested that the natural fractionation of stable isotopes can 
provide useful geochemical and geological information. He determined the isotope fractionation of 
several natural substances and also investigated its temperature dependency. Stable isotope 
geochemistry since then is a continuously growing field of research not only in geochemistry. The 
investigation of variations in the isotopic composition of ‘traditional’ stable isotopes (e.g.: C, N, H, O) 
in different materials provided important insights into the earth’s system and its geological history.  
Recent studies also focus their attention on variations in the isotopic composition of the so called 
‘non-traditional’ stable isotopes, such as e.g. lithium (Li), calcium (Ca), magnesium (Mg) and 
strontium (Sr). This trend is based on improvements in instrumentation and analytical precision of 
mass spectrometry. With the advent of new generation mass spectrometers like multi collector 
inductively coupled plasma mass spectrometers (MC-ICP-MS) and improved thermal ionization mass 
spectrometers (TIMS) as well as innovative analytical improvements, particularly for elements with 
four or more stable isotopes, even isotopic variations in the range of a view parts per million [ppm] 
are now detectable. The progress in this field of research opened new areas of the periodic table for 
the investigation of natural stable isotope fractionation and paved the way for ‘non-traditional stable 
isotope geochemistry’. A detailed review of the relatively new field of non-traditional stable isotope 
geochemistry is given by e.g. (BULLEN and EISENHAUER, 2009; EISENHAUER et al., 2009; JOHNSON et al., 
2004).  
  
MARINE CARBONATES – A PROXY ARCHIVE  CHAPTER I – GENERAL INTRODUCTION 
14 
I.2 Marine carbonates – A proxy archive 
A major goal of geochemical research is the reliable reconstruction of changes in past environmental 
conditions which is essential for accurate predictions of future climate development. The ocean as a 
major geochemical reservoir reacts very sensitively to environmental changes which are reflected by 
variations in e.g. the oceans chemical composition, sea surface temperatures (SST) or sea surface 
salinities (SSS).  
Elemental or isotopic ratios that are either directly or indirectly coupled to changes of environmental 
parameters are termed ‘proxies’. Therefore, a downcore record of a proxy covering a continuous 
time interval can be utilized to reconstruct variations of environmental conditions. To be suitable for 
geochemistry, a marine archive has to fulfill specific requirements. It has to be easily accessible, 
robust (it should not be prone to diagenesis), should record information about environmental 
parameters continuously and - of course - it should be abundant in the time interval of interest. The 
preservation of the original geochemical signature is the most important property characterizing 
such an archive.  
Corals meet most of the desired requirements demanded for geochemical research and they are 
used to extend records of environmental parameters back in time. These attributes combined with 
rapid growth rates (commonly 10-20 mm/yr), the presence of annual skeletal banding that provides 
precise chronology (KNUTSON et al., 1972), the longevity of individual colonies (commonly >100 yrs) 
and the fact that their CaCO3 skeleton is suitable for high-resolution 
14C and U-Th-series dating make 
corals exceptional archives of climate conditions for timescales of 102 up to 105 years. Additionally, 
they are widely distributed in tropical / subtropical zones and cover a variety of different 
environmental settings. Corals, especially Porites spp., yields continuous reconstructions of 
environmental and climatic parameters, with annual to monthly resolution back to several thousand 
years ago (FELIS et al., 2000; GAGAN et al., 2000; KUHNERT et al., 2000; PÄTZOLD, 1984; COBB et al., 
2008).  
During CaCO3 precipitation (biologically or inorganically) Ca is partly substituted by Sr (and other 
trace metals like e.g. Mg, Li, Ba) in the crystal lattice which is due to the chemical and physical 
similarity of these divalent cations. The magnitude of this elemental exchange and subsequently the 
substitution of Ca by different Sr isotopes chiefly depends on environmental parameters (e.g. 
temperature).  
Therefore, elemental ratios (e.g. Sr/Ca) and potentially stable Sr isotope fractionation in biologically 
precipitated calcium carbonate (CaCO3) are interesting in terms of their applicability as paleo-climate 
proxy.  
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Biological CaCO3 mainly occurs in form of calcite (e.g. foraminifera, coccolithophores, brachiopods 
and some mussels) and aragonite (e.g. corals, green algae and most molluscs) with aragonite having 
a ten times higher Sr concentration (~10000 ppm) compared to calcite (~1000 ppm) (MILLIMAN, 1974).  
Variations of the Sr/Ca ratio in marine carbonates are a direct consequence of the temperature 
dependence of the Sr partitioning coefficient between seawater and aragonite/calcite. In calcite the 
Sr/Ca ratio mainly depends on precipitation rate and shows only a week temperature effect (TANG et 
al., 2008). Therefore, Sr/Ca ratios of marine carbonates have been used for SST reconstruction (BECK 
et al., 1992; MCCULLOCH et al., 1994; PFEIFFER et al., 2006; SHEN et al., 1996). Skeletal Mg/Ca ratios 
(MITSUGUCHI et al., 1996) and U/Ca ratios (CARDINAL et al., 2001; MIN et al., 1995) have also been 
proposed as SST proxies. It was reported that temperature might not be the only controlling 
parameter of these elemental ratios (CARDINAL et al., 2001). All these elemental ratios are influenced 
by other parameters beside temperature like e.g. the seawater composition, growth rate or other 
“vital effects”.  
But not only elemental ratios are utilized as proxies for the reconstruction of past environmental 
conditions. Variations in the stable isotopes composition of marine carbonates also provide 
important insights in past climate development. The first stable isotope ratio in coral skeletons used 
for SST reconstruction was δ18O (WEBER and WOODHEAD, 1972) (for a definition of the δ-notation see 
chapter I.4). It was also applied in many other studies like e.g. (CHAKRABORTY and RAMESH, 1993; 
DUNBAR et al., 1994; FELIS et al., 2000; LEDER et al., 1996) where corals have been employed as paleo-
climate archive. The stable isotope ratio δ18O the most widely used temperature proxy in corals. The 
theoretical basis for δ18O as a paleo-thermometer was established by (UREY, 1947). Calculations were 
verified with laboratory experiments of inorganic calcites by (MCCREA, 1950). Because of the seasonal 
cycle’s effect on the δ18O of coralline aragonite, early work confirmed that the alternating density 
bands of coral skeletons often represented annual accumulation (FAIRBANKS and DODGE, 1979). In 
addition, long term records from modern corals in the tropics record variations in the amplitude and 
period of the El Nino Southern Oscillation (ENSO; e.g., (COLE et al., 1993a)). The use of δ18O as paleo-
thermometer on glacial timescales is limited due to its dependency of global ice volume  (SHACKLETON, 
1967). On shorter timescales δ18O is also influences by the local variability of e.g. salinity and 
δ18Oseawater. Nevertheless, δ
18O values derived from biogenic carbonates are a fundamental tool for 
reconstructing past climates (ADKINS et al., 2003).  
Carbon isotopes (δ13C) also have been used as proxy for e.g. nutrient availability, biological activity or 
to identify deep ocean water masses. The work of (MCCONNAUGHEY, 1989) for example showed that 
the uptake of dissolved inorganic carbon (DIC) by the coral symbiont affects the skeletal carbon 
isotopic composition These symbionts preferentially incorporate the light C isotopes leaving the 
heavier C isotopes for incorporation in the coral skeletons crystal lattice. The interpretation of 
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seasonal variations of δ13C of coral skeletons in environmental terms is still under debate (SWART et 
al., 1996). Most likely the main driving factor of seasonal variations in zooxanthellate corals is the 
photosynthetic activity of their symbionts and is therefore related to the seasonal light cycle, 
cloudiness or water column transparency (FAIRBANKS and DODGE, 1979; MCCONNAUGHEY, 1989; 
PÄTZOLD, 1984). 
Recent studies also focus their attention on the natural fractionation of non-traditional stable 
isotopes. The isotope fractionation of Ca (δ44/40Ca) in cultured (Acropora sp.) and open ocean tropical 
reef corals (Pavona clavus, Porites sp.) are positively correlated with growth temperature as 
published by (BÖHM et al., 2006). A similar slope was reported for all investigated species to be about 
0.02‰/°C.The results are similar to the temperature dependence of δ44/40Ca found in cultured 
foraminifera (Orbulina universa, 0.019‰/°C) and inorganically precipitated aragonite (0.015‰/°C) as 
published by (GUSSONE et al., 2003). The calcium isotope fractionation in another foraminifera species 
(Globigerinoides sacculifer) was investigated by (NÄGLER et al., 2000) who reported a significantly 
steeper slope of 0.24‰/°C.  
Measurements of Lithium (Li) isotopes in planktonic foraminifera (Globigerinoides and Globorotalia) 
did not show isotope fractionation during precipitation from seawater (VIGIER et al., 2007). On the 
other hand, the study of (ROLLION-BARD et al., 2009) revealed significant Li isotopes fractionation 
between seawater and coral aragonite (δ7Liskeleton – δ
7Liseawater=Δsw-coral=−12.8±0.4‰ to −8.1±1.1‰, 
2SD) in warm water corals (C. caespitosa) and cold water corals (D. cristagalli and L. pertusa). These 
results are in agreement with the experimentally determined lithium isotope fractionation of 
inorganic calcite (−11.7‰, (MARRIOTT et al., 2004)) 
Like mentioned above, the Sr/Ca element ratio is often used as paleo-thermometer. Strontium is the 
major element that substitutes Ca in the aragonitic skeleton of marine calcifiers (in calcite Mg is the 
most abundant trace element). Therefore, the stable Sr isotopic composition of biogenetic CaCO3 
represents a new potential geochemical proxy for past environmental conditions. It can provide new 
and additional insights in geological and biological processes. An introduction to the relatively new 
field of stable Sr isotope fractionation is given in chapter I.4.2 where an overview of stable Sr 
literature published so far is provided.  
I.3 Isotope fractionation  
Atoms of a certain element have identical atomic numbers (Z) which denotes the number of protons 
forming the atomic nucleus. Therefore, Z denotes the charge number of the atomic nucleus which is 
characteristic for every element whereas the number of neutrons (N) in their nuclei can differ. Atoms 
with same Z but differing N are termed isotopes. Isotopes of an element show the same chemical 
behavior and have only minor differences in their atomic radii. Differences in the number of neutrons 
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in the nucleus result in slight differences in atomic weight (M=Z+N) and enables their separation via 
mass spectrometry. The change in the isotopic composition of an element between two substances 
or two phases of the same substance due to chemical or physical processes e.g. diffusion or reaction 
kinetics is called ‘isotope fractionation’. Generally, isotope fractionation can be divided into two 
branches: (1) ‘mass dependent’ isotope fractionation which depends on the relative mass difference 
of the involved isotopes and (2) ‘mass independent’ isotope fractionation which shows no systematic 
behavior related to the relative mass difference of the involved isotopes. Latter was first reported by 
(THIEMENS, 1992; THIEMENS et al., 1995) for oxygen isotopes in stratospheric CO2. 
However, all fractionation processes occurring during sample preparation, mass spectrometric 
measurements and in nature will be assumed throughout this work to follow the mass dependent 
exponential fractionation law (RUSSELL et al., 1978):  




Where X and Y are two isotopes of an element, mX and mY are their masses and β is the fractionation 
factor. The subscripts ‘true’ and ‘meas’ indicate the true and the measured isotope ratio, 
respectively. The applicability of other mass-fractionation laws to describe isotope fractionation 
processes in nature or during mass spectrometric measurements is discussed in detail in (YOUNG et 
al., 2002) and (ALBARÉDE et al., 2004). Isotopic variations as a consequence of natural isotope 
fractionation are generally small. For this reason it is impractical to use absolute isotopic ratios when 
comparing the isotopic composition of two samples. The fractionation of the stable 88Sr/86Sr ratio is 
therefore presented in the common δ-notation in per mill [‰] deviation from standard material NIST 
SRM 987: 
eq.I.2  δ/Sr =     !"#  $%&'  −  1+ ∙ 1000 
Note: A 88Sr/86Sr ratio of 8.375209 corresponds to δ88/86Sr=0.  
Isotope fractionation occurring in nature is interesting in terms of geological research, especially 
when it is preserved over geological time scales. Due to the similarity, not only in size but also in 
chemical behavior, Ca is substituted by Sr in Ca-bearing minerals. During precipitation from seawater 
the light Sr isotopes are preferentially incorporated in the skeletons of marine calcifiers (FIETZKE and 
EISENHAUER, 2006). Hence, marine carbonates (MC) show a significant isotope fractionation during 




- δ88/86SrSW). Natural Sr isotope fractionation has only a small effect on the isotopic composition of 
different materials compared to natural fractionation of isotopes like e.g. C, N, H or O. This is because 
of the smaller relative mass difference of the relative heavy Sr isotopes compared to lighter isotopes 
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and because Sr occurs not in molecules where differences in vibrational energy of covalent bonds are 
responsible for strong isotope fractionation effects. However, with the improvement of analytical 
methods and instrumentation even variations in the ppm range are now measurable. There are two 
main types of isotope fractionation processes which will be introduced in the following chapters: (1) 
‘equilibrium isotope fractionation’ (chapter I.3.1) and (2) ‘kinetic isotope fractionation’ (chapter I.3.2).   
I.3.1 Equilibrium isotope fractionation 
 A chemical reaction is in equilibrium when there is no net change of the concentrations of the 
reactants and products over time. This usually is the case when the forward chemical process 
proceeds at the same rate as the reverse reaction. This process is called dynamic chemical 
equilibrium and can be expressed as: 
 
eq.I.3 aA/ + bB3 ↔ aA3 + bB/ 
Where A and B are phases or molecules (with a and b representing their amounts) and superscripts 1 
and 2 indicate different isotopes. At isotopic equilibrium, the forward and reverse reaction rates of 
any particular isotope are identical and hence, the isotopic composition of the left and right side of 
eq.I.3 remains constant until isotopic equilibrium is reached. Equilibrium fractionation is driven 
mainly by differences in the vibrational energies of molecules and crystals containing different 
isotopes (UREY, 1947). The vibrational modes are discrete energy levels and hence, equilibrium 
isotope fractionation is a quantum-mechanical phenomenon. The equilibrium constant K can be 
expressed by the quotient of two partitioning function (Q) ratios for the isotopic species A and B: 
eq.I.4 K = 67879:6;8;9: =
<78<79<;8<;9
 
The partitioning function is defined as:  
eq.I.5 = = ∑ g@ ∙ eBCDEF@  
The summation in eq.I.5 includes all allowed energy levels (Ei) of the molecules, gi is the statistical 
weight of the single energy levels (with: ∑ GH = 1H ) and k is the Boltzmann constant that relates 
energy to temperature (T). The partitioning function Q can be separated into three terms 
corresponding to the different types of energy namely translation energy, rotation energy and 
vibration energy (Q=Qtrans + Qrot + Qvib). Differences in translation and rotation energy are negligible. 
Qvib is related to the vibrational zero-point energy difference (IJKHLMN = OH + /3 ℎQH , with n=0) of 
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reactants and products in a chemical reaction and mainly accounts for variations in equilibrium 
fractionation with temperature. For a deeper understanding of the processes driving equilibrium 
fractionation the reader is referred to reviews of equilibrium fractionation theory e.g. (CHACKO et al., 
2001; O'NEIL, 1986; UREY, 1947).  
I.3.2 Kinetic isotope fractionation 
Isotope fractionation that is chiefly dependent on molecular velocity is termed ‘kinetic isotope 
fractionation’. This type of mass dependent fractionation is associated with fast, chemically 
incomplete and unidirectional isotope exchange processes which primarily occur during phase 
transfer reactions or during chemical reactions where isotopic equilibrium is not achieved. These 
processes are for example evaporation, dissociation reactions, diffusion and biological mediated 
reactions like calcium carbonate precipitation (LEMARCHAND et al., 2004). A simple example of kinetic 
isotope fractionation is the evaporation of a liquid water droplet where H2O molecules are physically 
removed from the vicinity of the droplet when entering the gas-phase. Hence, there is no chance for 
the system to achieve isotopic equilibrium between the vapor-phase and the residual liquid. The 
molecule containing the lighter isotopes is preferably converting into the gas phase and the residual 
droplet is continuously increasing its molar mass. For heavy elements like Sr the most common types 
of kinetic fractionations are those driven by effects of isotopic mass, velocity and diffusivity. At a 
given temperature the average kinetic energy of all molecules in an ideal gas is the same and given 
by: 
eq.I.6 ES@T = U3 kT = /3 mv3 
Where m is the mass of the molecule, v is its velocity, T its temperature and k is the Boltzmann 
constant that relates energy to temperature. Molecules having different isotopic compositions will 
apparently have different velocities:  
eq.I.7  
Z[EF 9Z[EF 8 = \9\8 
Due to this difference in velocity molecules consisting of light isotopes convert easier from the liquid 
to vapor-phase or diffuse faster compared to their heavy counterpart. This leads to (physical) kinetic 
isotope fractionation between different phases of a substance.  
Kinetic isotope fractionation can also occur when the rate of a chemical reaction is sensitive to the 
atomic mass of the involved ions. Unidirectional reactions always show preferential enrichment of 
the light isotopes in the reaction products which is a consequence of the lower bonding energy of 
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lighter isotopes compared to heavier isotopes. This phenomenon is termed chemical kinetic isotope 
fractionation.  
I.3.3 Rayleigh fractionation 
The Rayleigh fractionation law is an exponential relation that describes the partitioning of isotopes 
between two reservoirs where one of them decreases in size. This fractionation law is used to 
describe isotope fractionation processes where (1) material is continuously removed from a mixed 
system containing molecules of two or more different isotopes and (2) the fractionation taking place 
during the removal process is described by a constant fractionation factor α. Like mentioned before, 
the lighter isotopes preferentially convert into the vapor phase during evaporation. They are also 
enriched in the CaCO3 crystal lattice when precipitated from seawater. Fractionation processes 
induced by chemical reactions (or evaporation or condensation processes) where the reaction 
products are removed from a finite reservoir can be described by Rayleigh fractionation. Under these 
conditions, the isotopic composition of the residual material (reactant) is described by: 
 
eq.I.8     ] = ]^_`B/ 
 
Where R0 is the initial isotope composition of the reservoir, R is isotope ratio of the residual reservoir 
and f being the fraction of residual solution. 
Here we have to distinguish between open and closed systems. In a closed system the residual 
reservoir of the reactants stays in direct contact with the reservoir of the products while the products 
are removed from the system and not able to re-react with the reactants in an open system. The 
Rayleigh fractionation law is applicable to open systems where the isotopes are removed at every 
instant. Furthermore, an "ideal" Rayleigh fractionation process is one where the reactant reservoir is 
finite and well mixed, and the reservoir does not re-react with the product (KENDALL AND MCDONNELL, 
1998). 
I.4 Strontium isotope geochemistry 
The second column of the periodic table is collectively called the alkaline earth metal group 
consisting of beryllium (Be), magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba), and radium 
(Ra). Alkaline earth metals almost always form ions with twofold positive charge (divalent cations). 
They are sufficiently reactive as elements so they usually occur in nature only in compound form, 
frequently as carbonates [CO3]
2-, silicates [SiO4]
4- or sulfates [SO4]
2-. Calcium is by far the most 
abundant earth alkaline element in the continental crust, followed by magnesium, and in much lesser 
amounts barium, beryllium and strontium. The determination of variations in isotopic composition of 
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different materials caused by fractionation or radioactive decay provides the foundation for the field 
of isotope geochemistry. This field of research can generally be divided into two parts: (1) 
‘radiogenic’ isotope systems and (2) ‘stable’ isotope systems. 
The earth alkaline metal strontium is widely distributed in biological and geological reservoirs and 
with a concentration of 8 ppm it is the 5th most abundant cation in seawater (BROECKER and PENG, 
1982). It has four naturally occurring stable isotopes (84Sr, 86Sr, 87Sr and 88Sr). Their abundances are 
approximately 0.56%, 9.87%, 7.04% and 82.53%, respectively. These abundances are variable due to 
(1) the formation of radiogenic 87Sr from the radioactive β- decay of 87Rb with a half-life of 4.88 ∙ 1010 
years (FAURE and MENSING, 2005) and (2) to a much lesser extend due to natural isotope fractionation 
during chemical or physical processes. Hence, the Sr isotope system combines two important 
features for geochemical research. The radiogenic Sr isotope ratio (87Sr/86Sr) is a well established tool 
in isotope geochemistry. It is characterized by excellent tracer and dating properties and is part of 
the ‘traditional’ isotope systems. The stable Sr isotope ratio (88Sr/86Sr) is part of the new research 
field termed ‘non-traditional stable isotopes geochemistry’ and mirrors natural Sr isotope 
fractionation. Both systems for themselves are important tools in isotope geochemistry and will be 
introduced in the following chapters. 
I.4.1 The radiogenic strontium isotope system 
Some elements have isotopes that are subject to the radioactive decay either directly (radioactive 
isotopes) or indirectly as end products of the decay chain of an unstable isotope (radiogenic 
isotopes). In this process always two isotopes of different elements are involved. Thus, isotopic 
variations in radiogenic isotope systems are primarily based on the radioactive decay. This 
radioactive decay occurs in different ways: 
o α-decay: The isotopic nucleus emits an alpha particle (He-nucleus). Thus, M decreases by 
four and Z by two units.  
o β--decay: One neutron of the nucleus transforms into a proton with the emission of one 
electron and one anti-neutrino.  
o β+-decay: One proton of the nucleus transforms into a neutron with the emission of one 
positron and one neutrino.  
o K-capture: One of the orbital electrons, usually from the K electron shell, is captured by a 
proton in the nucleus, forming a neutron and a neutrino.  
o Spontaneous decay: The isotopic nucleus decays spontaneously into two unequal halves and 
emits several neutrons.  
One of the Sr isotopes, namely 87Sr, is formed by the β-decay of Rubidium (87Rb) with a half-life of 
4.88∙1010 years (FAURE and MENSING, 2005). In the following the 87Sr/86Sr isotopic ratio is also referred 
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to as radiogenic Sr or radiogenic isotope ratio. This radiogenic component makes the Sr isotope 
system a useful tool in isotope geochemistry which had been used e.g. for quantifying the 
hydrothermal activity (PALMER and EDMOND, 1989), as indicator of continental weathering intensity 
(CAPO and DEPAOLO, 1990), geochronology (FAURE and MENSING, 2005) and strontium isotope 
stratigraphy (MCARTHUR et al., 2001). 
The elemental fractionation of Rb and Sr during magmatic processes leads to large variations in the 
Rb/Sr ratios of minerals forming different types of magmatic rocks (e.g. basalt (Rb/Sr=0.06), granite 
(Rb/Sr=0.25), (FAURE and MENSING, 2005)). This elemental fractionation consequently leads to 
variations in the isotopic composition of different magmatic rocks due to the decay of 87Rb and is the 
origin of differences of Sr the isotopic composition of the earth’s mantle and crust (FAURE and 
MENSING, 2005). 
One major application of the radiogenic Sr system is the investigation and quantification of the 
oceans Sr budget e.g. (BURKE et al., 1982; DAVIS et al., 2003; ELDERFIELD and SCHULTZ, 1996; HODELL et 
al., 1990; PALMER and EDMOND, 1989; RICHTER et al., 1992). Strontium is mainly released to the ocean 
by two sources: (1) Radiogenic Sr from continental weathering which is delivered to the ocean by 
river- and groundwater discharge and (2) low radiogenic “mantle”-Sr from hydrothermal circulation 
at mid-ocean ridges (MOR) (PALMER and EDMOND, 1989; TAYLOR and LASAGA, 1999). A minor Sr source 
is represented by diagenetic alteration and dissolution of seafloor sediments (ELDERFIELD and GIESKES, 
1982). The main sink for Sr is the sedimentation and Sr fixation in marine carbonates where Sr 
substitutes Ca in the crystal lattice of calcium carbonate. The Sr isotopic composition of seawater is 
controlled by the balance of its Sr sources and sinks characterized by different isotopic compositions 
and Sr fluxes which are variable with time.  
A first approach of evaluating the oceans Sr budget was done by (WICKMAN, 1948). Because 
continental weathering products have a more radiogenic 87Sr/86Sr ratio compared to seawater 
(WICKMAN, 1948) suggested a monotonic increase in seawater 87Sr/86Sr with time. This suggestion was 
based on the assumption that continental river discharge is the only source delivering Sr the ocean. 
Radiogenic Sr measurements of recent marine carbonates collected worldwide show equal 87Sr/86Sr 
ratios. This is due to the relatively short mixing time of the oceans (~ 1.5 kyr) compared to the 
residence time of Sr which is ~2.4 Ma (ELDERFIELD, 1986; FAURE and MENSING, 2005; HODELL et al., 
1990). This geographical constancy is assumed to be also valid for the geological past. Furthermore, 
marine carbonates and seawater, where they have been precipitated from, show identical 87Sr/86Sr 
values. This is a direct consequence of the internal normalization (chapter I.6.1) to a fixed 88Sr/86Sr 
ratio of 8.375209 (NIER, 1938). This procedure is conventionally used to correct for mass-dependent 
isotope fractionation during mass spectrometry. Any mass-dependent isotope fractionation that may 
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occur in nature is neglected by applying this technique. Thus, the Sr isotopic composition of marine 
carbonates directly reflects the isotopic composition of seawater at the time of precipitation.   
Therefore, well preserved fossil marine carbonates of different ages can be used to reconstruct the 
Sr isotopic composition of seawater. Measurements of 87Sr/86Sr in biostratigraphically well dated 
marine carbonates (PETERMAN et al., 1970) revealed variations in 87Sr/86Sr between 0.707 and 0.709 
throughout the Phanerozoic and confute the monotonic increase predicted by (WICKMAN, 1948) who 
did not include hydrothermal activity as another source for Sr to the ocean. A compilation of 87Sr/86Sr 
data of marine carbonates covering the Phanerozoic was published by (VEIZER et al., 1999). The 
general trend of Phanerozoic seawater 87Sr/86Sr is displayed in fig.I.1. 
 
fig.I.1: The seawater Sr evolution curve of the Phanerozoic after (MCARTHUR et al., 2001) 
The seawater evolution curve tends to decrease from the early Cambrian to the mid Jurassic 
superimposed by second order variations of the 87Sr/86Sr with a periodicity of ~50 Ma and amplitude 
of ~1000 ppm. Values are increasing almost continuously from ~0.7068 in the middle Jurassic to the 
recent seawater value 0.709241±0.000032 (ELDERFIELD and SCHULTZ, 1996). This monotonous increase 
implied that the input of relatively radiogenic Sr from the continents cannot be balanced by 
unradiogenic Sr derived from hydrothermal exchange with the oceanic crust.  
The Sr isotope data of (VEIZER et al., 1999) show an increase of seawater 87Sr/86Sr ratio at a rate of 
0.000054 Myr-1 for the past ~30 Myr. PALMER AND EDMOND (1989) calculated that a hydrothermal fluid 
flux of ~1.2×1014 kg yr−1 is required to keep the oceanic strontium budget near steady state. This 
estimate is an order of magnitude higher than other hydrothermal fluid flux predictions of e.g. 
(ELDERFIELD and SCHULTZ, 1996) (3-6×1013 kg yr−1). The extent of alteration of oceanic crust measured 
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in drill cores and ophiolites implies a hydrothermal fluid flux of ~2.3-4.6∙1013 kg yr-1 (DAVIS et al., 
2003) which is similar to the results of (ELDERFIELD and SCHULTZ, 1996). 
Other modeling advances have been carried out by (GODDERIS and FRANCOIS, 1995; HODELL et al., 1990; 
RICHTER et al., 1992; VANCE et al., 2009). All these studies only focus on the Sr sources of the ocean 
because in the radiogenic picture marine carbonates and seawater, where the carbonates have been 
precipitated from, show identical isotopic composition due to the internal normalization procedure. 
Hence, 87Sr/86Sr ratios is a powerful tool for balancing the Sr sources but the radiogenic Sr alone is 
not providing the full information that is necessary quantify the Sr sink of the ocean. By the 
determination of stable Sr isotopic ratios (δ88/86Sr, chapter I.4.2) an additional dimension is added to 
the radiogenic picture. Seawater and marine carbonates show significant differences in their stable 
Sr isotope ratio δ88/86Sr that were not visible by applying the radiogenic 87St/86Sr ratio alone. The non-
traditional stable isotope system of Sr is the subject of chapter I.4.2. 
The seawater Sr evolution curve has also been utilized for strontium isotope stratigraphy (SIS). In 
order to improve this technique (MCARTHUR et al., 2001) compiled and fitted 87Sr/86Sr data of marine 
carbonates published in 42 earlier studies (see tab. 1 in (MCARTHUR et al., 2001)). The precision of SIS 
is limited due to the uncertainty of the age model developed with e.g. biostratigraphy or 
magnetostratigraphy. Errors of ages derived with this age model range in between 0.15 - 2 Ma. The 
stratigraphic resolution of SIS is also limited by the slope of the seawater 87Sr/86Sr-evolution curve 
(VEIZER et al., 1999). Therefore the seawater Sr isotope curve can only be resolved as a band, due to 
the uncertainties in biostratigraphy, geochronology and uncertainties in 87Sr/86Sr determinations due 
to preservation of sample material (VEIZER et al., 1997). The radiogenic Sr isotope ratio was applied in 
many studies in stratigraphic terms e.g. (ELDERFIELD, 1986; JENKYNS et al., 2002; MCARTHUR, 1994; 
MCARTHUR et al., 2001; SMALLEY et al., 1994). 
The variation of the 87Sr/86Sr ratio in different minerals makes the radiogenic Sr an excellent tracer 
for geological processes. Because of the importance of silicate weathering for the global CO2 cycle, 
radiogenic Sr isotope data have been utilized to discriminate between carbonate and silicate 
weathering e.g. by (HARRINGTON and HERCZEG, 2003; KRISHNASWAMI and SINGH, 1998; OLIVER et al., 2003; 
QUADE et al., 2003). In the study of (BLUM, 1995) a negative correlation between 87Sr/86Sr ratio in soils 
and the soil age was observed, indicating that the 87Sr/86Sr ratio of Sr released in the early stages of 
weathering is significantly higher than in later stages. They estimated that this mechanism can 
increase global riverine 87Sr/86Sr by an average of 0.0002 during periods of glacial/interglacial cycling. 
This “weathering peak” hypothesis is discussed in detail in chapter III with respect to stable Sr 
isotope fractionation. On the other hand, (HENDERSON et al., 1994) reported that their 87Sr/86Sr data 
derived from planktonic foraminifera covering the time period of the last 400 kyr show no evidence 
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for a glacial/interglacial cyclicity. Their data constrain the change in riverine flux between glacial and 
interglacial periods to be less than 1010 mol/yr.  
Additionally, the isotopic abundance of 87Sr in a closed system is determined by four parameters: (1) 
The isotopic abundance of 87Sr at a given initial time, (2) the 87Rb/87Sr ratio of the system, (3) the 
decay constant of 87Rb and (4) the time elapsed since the initial time. Hence, the radiogenic 
component of the Sr isotope system allows to date any material that contains 87Rb (FAURE and 
MENSING, 2005). 
Variations in the 87Sr/86Sr isotopic ratio originating from the radiogenic in-growth due to the decay of 
87Rb are much larger compared to 87Sr/86Sr variations as a consequence of natural isotope 
fractionation. Therefore, natural isotope fractionation is negligible when investigating changes in the 
radiogenic Sr isotope ratio and thus, the normalization to fixed 88Sr/86Sr is an adequate method to 
correct for instrumental mass fractionation during mass spectrometric measurements. To determine 
natural Sr isotope fractionation the stable 88Sr/86Sr ratio is more applicable because it shows a larger 
relative mass difference and is not biased by the radioactive decay of another element. 
I.4.2 The stable strontium isotope system 
The non-traditional stable Sr isotopes recently received much attention in the geochemical science 
community. It was found that Sr isotopes show significant fractionation during biological and 
inorganical precipitation of CaCO3 e.g. (FIETZKE and EISENHAUER, 2006; RÜGGEBERG et al., 2008). It was 
shown that the light Sr isotopes are preferentially incorporated into the crystals. This was the starting 
point of one of the newest fields of non-traditional stable isotope research – the investigation of 
natural stable Sr isotope fractionation. Since then the investigation of stable Sr isotope fractionation 
is the subject of a growing group of isotope geochemists. Several materials and methods have been 
tested with respect to Sr isotope fractionation in the recent past. Nevertheless the stable Sr database 
is still very limited. In the following an overview of recent publications dealing with stable Sr isotope 
fractionation is given.  
A first approach applying a standard bracketing technique for determining stable Sr isotope 
fractionation using MC-ICP-MS was presented by (FIETZKE and EISENHAUER, 2006). The impetus for 
their study was the previous observed temperature dependence of Ca isotope fractionation during 
inorganically and biologically mediated calcium carbonate precipitation published by (GUSSONE et al., 
2003; NÄGLER et al., 2000). Fietzke and Eisenhauer found a temperature dependency of stable Sr 
isotope fractionation in the tropical coral Pavona clavus with a positive slope of (0.033±0.005‰/°C) 
in the range of 23°C to 27°C and a lower temperature dependency of δ88/86Sr in inorganically 
precipitated aragonite (0.0054±0.0005‰/°C) in the range of 10°C to 50 °C.  
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The external reproducibility for stable Sr measurements in this study was reported to be better than 
±0.05‰ (2SD). Stable Sr δ88/86Sr values of inorganically precipitated aragonite range from 
δ88/86Sr=0.0‰ (10 °C) to ~ 0.2‰ (50 °C). Pavona clavus samples revealed δ88/86Sr values between 
~0.16‰ and ~0.31‰ corresponding to water temperatures of 23°C and 27°C, respectively. The 
lighter isotopes were found to be preferentially incorporated into the calcium carbonate for both, 
organically and inorganically precipitated minerals. The same was reported by (RÜGGEBERG et al., 
2008) for the cold water coral Lophelia pertusa who also applied the bracketing standard method 
using MC-ICP-MS. They found a temperature sensitivity of δ88/86Sr with a positive slope of 
0.026±0.003‰/°C in the range from 6°C to 9°C. These results are in good accordance with δ88/86Sr 
data derived from Pavona clavus in the study of (FIETZKE and EISENHAUER, 2006). The external 
reproducibility achieved in this study was ±0.05‰ (2SD) and thus comparable to previous results. 
These studies indicated the use of stable Sr isotope fractionation as a potential proxy for paleo-sea 
surface temperature reconstructions.  
In the study of (WALTHER and THORROLD, 2006) the relative contributions of water and food to Sr and 
Ba deposited in otoliths of juvenile mummichogs fishes of the species Fundulus heteroclitus was 
quantified. The water in which the fishes lived was spiked with 86Sr and 137Ba, resulting in an isotopic 
composition significantly beyond natural values, to obtain distinct isotopic signatures for water and 
food. Stable strontium isotope ratios in otoliths where obtained by laser ablation ICP-MS and a 
bracketing standard technique. The relative contributions of water and food sources to otolith 
aragonite were assessed using a simple linear isotope mixing model resulting in a Sr contribution of 
water sources of 83%. Their results indicate that water chemistry is the dominant factor controlling 
the uptake of Sr in the otoliths of marine fish. Thus, chemical signatures recorded in the otoliths of 
marine fish should preliminary reflect the ambient water Sr isotopic composition at the time of 
deposition. Reported errors range from ±0.09‰ to ±0.3‰ (2SD).  
In 2008 (YANG et al., 2008) presented a new technique for the measurement of Sr isotopes by MC-
ICP-MS using Zirconium (Zr) as an internal standard in combination with the bracketing standard 
method (see chapter I.6.2). They reported a 2.5-fold improvement in precision by the use of this 
technique compared to Sr isotope data which were obtained by the bracketing standard method 
without the use of Zr as internal standard. They investigated the stable Sr isotopic composition of fish 
liver tissues which show a δ88/86Sr of 0.207±0.012‰ (2SD) relative to the SRM 987 standard. 
The studies of (OHNO and HIRATA, 2007; OHNO et al., 2008) came up with stable Sr measurements of 
several standard materials and silicate/carbonate rocks. The Sr isotopic composition of the coral 
standard JCp-1 was determined with δ88/86Sr=0.2±0.07‰ and δ88/86Sr=0.19±0.05‰, respectively. 
Furthermore, the isotopic composition of two seawater samples was reported in the two studies 
with δ88/86Sr=0.41±0.08‰ and δ88/86Sr=0.39±0.07‰, respectively. Furthermore, the stable Sr isotope 
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composition of Neoproterozoic cap carbonates was analyzed by (OHNO et al., 2008). Their radiogenic 
and stable Sr values showed three characteristics: (1) high radiogenic 87Sr/86Sr at the bottom of the 
stratigraphic sequence and a subsequent gradual decrease in 87Sr/86Sr, (2) very light δ88/86Sr values in 
the range of ~ -0.4‰ to -0.2‰ at the bottom of the stratigraphic sequence and a subsequent gradual 
increase, and (3) a clear correlation between the fractionated 87Sr/86Sr (reported as δ87Sr, see (OHNO 
and HIRATA, 2007)) and the δ88/86Sr values which reflects mass dependent Sr isotope fractionation. 
These features were explained by changes in continental weathering and the access of different Sr 
sources with light isotopic composition. Analyzed silicate/carbonate rock standards did not show 
stable Sr isotope compositions low enough to be a possible reservoir that is able to reduce the 
seawater δ88/86Sr value in a manner that can explain the observed δ88/86Sr values of cap carbonates. 
Fractionation induced by mass spectrometric measurements was corrected for using the Zr 
correction technique of (YANG et al., 2008) and the external reproducibility was reported to be 
0.06‰ and 0.07‰ (2sd, n=20) for δ88/86Sr and δ 87Sr, respectively. 
Another study dealing with stable Sr isotope fractionation was carried out by (HALICZ et al., 2008) who 
investigated the Sr isotope composition of Porites sp. and Acropora sp. corals from the Gulf of Aqaba 
and the Red Sea , respectively. The coral samples investigated in this study show average δ88/86Sr 
values of 0.22±0.07‰ (2SD) for Porites sp. and 0.21±0.22‰ (2SD) for Acropora sp.. These results are 
in good agreement with δ88/86Sr values of Pavona clavus reported in the study of (FIETZKE and 
EISENHAUER, 2006). Seawater samples showed average δ88/86Sr values of 0.35±0.06‰ (2SD). 
Furthermore they determined the Sr isotopic composition of carbonate rocks, the seawater standard 
IAPSO and Terra Rossa soil. Halicz et al. introduced δ88/86Sr as a possible new tracer for processes of 
chemical weathering and pedogenesis. In their study the bracketing standard technique was applied 
to correct for instrumental mass fractionation. The external reproducibility in this study was not 
reported. Reported measurement uncertainty of single samples ranges from ±0.06‰ to ±0.22‰ 
(2SD).  
In 2010 (DE SOUZA et al., 2010) published stable Sr measurements in a variety of geological and 
environmental materials including rocks, young soils, water and plants from a small glaciated 
watershed in the central Swiss Alps. Like the studies introduced previously they applied the 
bracketing standard technique using MC-ICP-MS. Their data show that plants (Rhododenron) 
preferentially assimilate the lighter Sr isotopes resulting in a significantly lower δ88/86Sr compared to 
the soil they are growing in. They reported the δ88/86Sr values of foliar tissues to be lower than in the 
roots and in the stems and leaves. This observation is contrary to the behavior of Ca isotopes in 
plants (PAGE et al., 2008; WIEGAND et al., 2005). DeSouza et al., 2010 proposed that the opposite 
sense of mass fractionation of Sr isotopes compared to Ca isotope fractionation in plants is related to 
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the processes discriminating between the two elements during allocation to different parts of the 
plant. Reported errors range between ±0.07‰ and ±0.12‰ (2SD).  
The determination of stable Sr isotope fractionation is not only used in geochemical terms. This 
isotope system was recently employed by (KNUDSON et al., 2010) to give answers to specific questions 
in archeological science. Stable Sr data derived from human teeth and bones had been applied in this 
study to investigate paleo-diet of archaeological human populations. It was found that stable Sr 
isotope data can identify the trophic level from which the strontium originated that was found in 
human teeth. Hence, stable Sr could be utilized as a new proxy for the consumption of local or non-
local strontium sources. Some results of these studies are summarized in tab.I.1. 
sample method δ
88/86
Sr [‰] error [‰] study 
IAPSO BS 0.381 ±0.010 (1SEM) (FIETZKE and EISENHAUER, 2006) 
Pavona Clavus BS 0.240 ±0.036 (1SEM) (FIETZKE and EISENHAUER, 2006) 
Inorganic aragonite BS 0.0 - 0.2 ±0.025 (1SEM) (FIETZKE and EISENHAUER, 2006) 
     
IAPSO DS 0.389 ±0.026 (2SD) (KRABBENHÖFT et al., 2009) 
Foraminifera DS 0.140 ±0.030 (2SD) (KRABBENHÖFT et al., 2010) 
Porites sp. DS 0.205 ±0.017 (2SD) (KRABBENHÖFT et al., 2010) 
Acropora sp. DS 0.18 - 0.21 ±0.022 (2SD) (KRABBENHÖFT et al., 2010) 
JCp-1 DS 0.194 ±0.025 (2SD) (KRABBENHÖFT et al., 2009) 
River waters DS 0.24 - 0.42 ±0.040 (2SD) (KRABBENHÖFT et al., 2010) 
Hydrothermal fluids DS 0.270 ±0.030 (2SD) (KRABBENHÖFT et al., 2010) 
Coccolithophores DS 0.270 ±0.032 (2SD) (KRABBENHÖFT et al., 2010) 
Halimeda DS 0.270 ±0.021 (2SD) (KRABBENHÖFT et al., 2010) 
     
Acropora sp. BS 0.210 ±0.220 (2SD) (HALICZ et al., 2008) 
IAPSO BS 0.350 ±0.060 (2SD) (HALICZ et al., 2008) 
Porites sp. BS 0.220 ±0.070 (2SD) (HALICZ et al., 2008) 
Terra rossa soil BS -0.180 ±0.150 (2SD) (HALICZ et al., 2008) 
Seawater standard GOA-1 BS 0.310 ±0.140 (2SD) (HALICZ et al., 2008) 
Speleotherm calcite BS (-0.140) - (-0.200) ±0.170 (2SD) (HALICZ et al., 2008) 
     
JCp-1 BS-Zr 0.190 ±0.050 (2SD) (OHNO and HIRATA, 2007) 
JCp-1 BS-Zr 0.200 ±0.070 (2SD) (OHNO and HIRATA, 2007) 
Silicate rocks BS-Zr 0.260 ±0.030 (2SD) (OHNO and HIRATA, 2007) 
IAPSO BS-ZR 0.390 ±0.070 (2SD) (OHNO and HIRATA, 2007) 
Seawater sample  BS-ZR 0.410 ±0.080 (2SD) (OHNO and HIRATA, 2007) 
     
Lophelia Pertusa BS 0.06 - 0.18 ±0.050 (2SD) (RÜGGEBERG et al., 2008) 
     
River water BS 0.13 - 0.25 ±0.130(2SD) (DE SOUZA et al., 2010) 
Rhododendron roots BS 0.140 ±0.030 (2SD) (DE SOUZA et al., 2010) 
Rhododendron stem BS 0.080 ±0.120 (2SD) (DE SOUZA et al., 2010) 
Rhododendron leaves BS -0.080 ±0.120 (2SD) (DE SOUZA et al., 2010) 
Soil BS 0.370 ±0.090 (2SD) (DE SOUZA et al., 2010) 
Granite BS 0.150 ±0.120 (2SD) (DE SOUZA et al., 2010) 
Gneiss BS 0.280 ±0.080 (2SD) (DE SOUZA et al., 2010) 
tab.I.1: Results of stable Sr measurements of selected studies available so far. The errors are given either in 2 standard 
deviations (2SD) or 1 standard errors of the mean (1SEM) like they were published. (BS=bracketing standard, BS-
Zr=bracketing standard with Zirconium as external correction, DS=double spike method). 
In fig.I.2 the range of variations in δ88/86Sr values of standard materials and natural samples 
determined in the studies mentioned before is displayed. It is apparent that Sr isotopes are 
significantly fractionated in different natural materials. The reported errors range from ~±0.01‰ up 
to ~±0.22‰ (2SD). In all these studies stable Sr data are derived by applying a bracketing standard 
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method (chapter I.6.2). In order to improve the precision and accuracy of stable Sr isotope analysis, 
we developed a TIMS double spike method which is the issue of chapter II. 
 
fig.I.2: The range of stable Sr values of different materials measured in the studies summarized in tab.I.1.   
I.5 Thermal ionization mass spectrometry 
The isotopic composition of alkaline earth elements is generally measured using a Thermal Ionization 
Mass Spectrometer (TIMS) or Multi Collector Inductively Coupled Mass Spectrometer (MC-ICP-MS) 
(FIETZKE and EISENHAUER, 2006; RÜGGEBERG et al., 2008).  The main difference between these two types 
of mass spectrometers is the ion source. While the ionization in TIMS occurs on the hot surface of a 
metal-filament (e.g. rhenium) a plasma source is used to generate ions in MC-ICP-MS. In our study 
we choose TIMS for the analysis of the Sr isotopic composition of our samples because the double 
spike technique combined with TIMS is a well established and robust method for the precise 
determination of isotopic ratios of different elements (GALER, 1999; HEUSER et al., 2002; JOHNSON and 
BEARD, 1999; SCHMITT et al., 2009; SIEBERT et al., 2001). Furthermore it is less impacted by isobaric 
interferences, result in higher precision and a lesser amount of sample material is needed compared 
to MC-ICP-MS measurements. Isotope analysis where carried out at the IFM-GEOMAR mass 
spectrometer facility in Kiel using a TRITON TIMS (Thermo Fisher).  
Generally mass spectrometers are composed of three primary components: (1) ion source, (2) 
magnetic analyzer and (3) ion collector. All three parts of the mass spectrometer are evacuated to 
pressures in the order of 10-7 mbar (source) to 10
-9 mbar (collector). For the analysis of solid samples, 
the sample is deposited on a Re-filament that is mounted on a sample wheel in the ion source 
chamber of the TIMS. The filament is heated electrically to a temperature sufficient to ionize the 
element to be analyzed. The resulting ions are then accelerated by a high voltage electric field (~10 
kV) and collimated by a series of slits and electrostatic lenses into a focused beam. The ion beam 
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then passes through a magnetic sector field which deflects the ions into circular paths whose radii 
are proportional to their mass to charge ratio. For ions with the same charge this results in a lesser 
deflection for the heavy isotopes compared to the lighter ones. The separated ion beams continue 
through the analyzer tube to the collector, where they generate a positive electrical charge. The 
beam entering the collector cup is neutralized by electrons that flow from ground to the collector 
through a resistor (1010-1012 Ω). The voltage difference generated across the resistor is amplified and 
measured. Comparison of voltages corresponding to individual ion beams then results in the desired 
isotope ratios. 
I.6 Correction methods for instrumental isotope fractionation  
A significant limitation of isotopic analysis via mass spectrometric measurements is the large mass 
fractionation that occurs in the ion source of the instruments. During evaporation from the hot 
surface of the filament in the TIMS ion source the light isotopes preferably convert into the gas 
phase. Thus, the molar mass of the remaining sample material on the filament continuously 
increases and with that, the isotopic composition of the sample will tend to heavier values during the 
course of the measurement. This phenomenon is visualized in fig.I.3. The 88Sr/86Sr ratio is determined 
126 times (9 blocks of 14 scans) and tends to heavier values during the course of the measurement. 
This instrumental fractionation exceeds natural isotope fractionation by far which is in the order of 
several hundred ppm for stable Sr. Therefore, the instrumental-produced mass fractionation has to 
be corrected for when investigating natural isotope fractionation.  
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Sr=8.375209 ratio (NIER, 1938). 
Furthermore, mass dependent Sr isotope fractionation also occurs during chromatographic column 
separation. Latter has to be carried out in order to separate the matrix, including 87Rb which is 
interfering with 87Sr during TIMS measurement, from the Sr of the sample. However, the challenge in 
mass spectrometry is to separate mass dependent isotope fractionation produced in the laboratory 
and during mass spectrometric measurements from naturally occurring mass dependent isotope 
fractionation. This is not trivial because the patterns of natural and instrumental mass fractionation 
are identical. The different ways how to achieve the correction for instrumental mass fractionation 
are introduced in the following sections. 
I.6.1 Internal normalization 
A common approach to correct for instrumental mass fractionation is the normalization of the 
measured isotopic ratios to a fixed reference ratio. This approach termed ‘internal normalization’ is 
applied when one isotope is varying due to radiogenic in-growth from a parent isotope where natural 
isotope fractionation is not of interest. This is the case for the conventional radiogenic 87Sr/86Sr ratio. 
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Here the measured Sr isotope ratios are normalized to a fixed 88Sr/86Sr=8.375209 ratio (Nier, 1938) to 
correct for mass dependent fractionation during TIMS measurement. By rearranging the exponential 
fractionation law (eq.I.1) a βnorm can be calculated from the known isotopic masses, the fixed 
88Sr/86Sr=8.375209 and the measured (fractionated) 88Sr/86Sr ratio. The calculated fractionation factor 
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The correction is displayed in fig.I.3. This procedure completely removes any natural mass dependent 
isotope fractionation that may exist and thus, neglects important additional information. However, 
this method is very useful for the determination of Sr supply from sources having different 87Sr/86Sr 
due to the radiogenic in-growth of 87Sr. The radiogenic Sr isotope ratio 87Sr/86Sr can be determined 
with this method with a precision of about 5 ppm. To investigate natural isotope fractionation, one 
of the methods described in the following has to be applied. 
I.6.2 Bracketing standard method 
The bracketing standard technique interpolates the mass fractionation of an unknown sample 
between two runs of a standard material with known isotopic composition to correct for machine 
drift and mass fractionation during mass spectrometric measurement via MC-ICP-MS.  
Dividing the exponential mass fractionation law for the sample by that of the standard measurement 





yw{{ =  
  #
 !"#
  9  #
yw{{ ∙ 

9yw{{B !"#  






yw{{ =  
  #
 !"#
  8  #
yw{{ ∙ 

8yw{{B !"#  
CHAPTER I – GENERAL INTRODUCTION CORRECTION METHODS FOR INSTRUMENTAL ISOTOPE FRACTIONATION 
33 
Assuming that βsample (calculated with eq.I.1) is the mean of the fractionation factors β1
standard and 
β2
standard derived from standard measurement before and after the sample analysis 
eq.I.11 β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Multiplication of eq.I.12 and eq.I.13 results in: 
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This expression reflects the true isotopic composition of the sample. This technique is not applicable 
to TIMS since each sample is located on a different filament. The conditions in the ion source are 
highly variable from sample to sample and therefore, mass fractionation during TIMS measurement 
cannot be accurately corrected for using this technique. When applying this method sample and 
standard solutions need to have the same concentration of the element of interest. Furthermore, the 
isotope fractionation occurring during chemical sample treatment cannot be corrected for which is 
the major disadvantage of the bracketing standard technique. A first application of this method on 
stable Sr measurements on biogenic and inorganically precipitated aragonite was published by 
(FIETZKE and EISENHAUER, 2006). They reported a precision of ±0.050‰ (2SD). 
Another method to correct for instrumental mass fractionation during mass spectrometric 
measurements via bracketing standard was presented by (YANG et al., 2008). They determined the Sr 
isotopic composition of natural samples also by using MC-ICP-MS. In this technique standard 
(SRM987) and sample solutions are admixed with zirconium and then used for the correction of 
instrumental mass fractionation. The certified 88Sr/86Sr value of the strontium carbonate standard 
SRM987 (88Sr/86Sr=8.37861) is used for the correction of 90Zr/91Zr in the Zr-spiked SRM987 solutions 
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via internal normalization. Their average is then used to calculate the fractionation correction of the 
sample. This technique yields a precision of ~0.08‰ and thus is not more precise than bracketing 
standard but much more complex. The method of choice for the investigation of natural Sr isotope 
fractionation is the double spike technique which is the issue of section I.6.3. 
I.6.3 The double spike technique 
The double spike technique is a powerful method to correct for instrumental mass fractionation that 
occurs during mass spectrometric measurements and chemical sample preparation. With this 
technique it is possible to investigate natural Sr isotope fractionation by the simultaneous 
determination of the stable Sr isotopic ratio 88Sr/86Sr and the radiogenic 87Sr/86Sr ratio without 
normalizing to a fixed 88Sr/86Sr. The use of this technique was first demonstrated experimentally by 
(DIETZ et al., 1962) and the theory behind it was then outlined by (DODSON, 1963). The double spike 
technique was first utilized by (COMPSTON and OVERSPY, 1969) who prepared a 207Pb/204Pb double 
spike. They reported substantial improvements in analytical precision by applying this technique to 
the measurement of different lead standard materials. 
The double spike technique has recently received much attention due to its application in non-
traditional stable isotope work. Heavy stable Isotopes like e.g. Sr have low relative mass differences 
compared to traditional light isotopes like e.g. C, N or O and hence, they show only small natural 
isotope fractionation. Several applications for example on Fe e.g. (JOHNSON and BEARD, 1999), Mo e.g. 
(SIEBERT et al., 2001), Pb e.g. (GALER, 1999), Cd e.g. (SCHMITT et al., 2009) and Ca isotopes e.g. (HEUSER 
et al., 2002; EISENHAUER et al., 2009) have been presented. Many aspects of this technique have been 
discussed over the past decades and published literature concerning this topic has been adequately 
reviewed (GALER, 1999; RUDGE et al., 2009).  
The double spike technique is applicable to any element that has four or more isotopes and it has a 
number of advantages compared to other correction procedures when investigating the natural 
isotope fractionation. With the double spike technique, standard and sample solutions do not need 
to have the same Sr concentration (RUDGE et al., 2009). Furthermore, mass dependent fractionation 
that occurs during ion chromatographic column separation can be accurately corrected for. 
When applying the double spike technique, four relative amounts of isotopes are determined. Two of 
them are adjusted far from their natural abundances by adding the double spike to one fraction of 
the sample. By the exact knowledge of the double spike isotopic composition, it is possible to 
calculate the true composition of the sample corrected for mass fractionation that occurs during 
TIMS measurement and sample preparation. In fig.I.4 the principle of the double spike technique is 
visualized. In order to explain the underlying principles of the double spike method, the geometry of 
this technique in the three dimensional isotope-space is introduced in the following. 
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fig.I.4: Schematic sketch of the double spike technique in a three isotope space. ‘DS’ represents the known isotopic 
composition of the double spike, ‘S’ represents the pure sample and ‘M’ is the mixture of ‘DS’ and ‘S’. ‘M’ and ‘S’ 
fractionate during TIMS measurement along the fractionation lines α and β, respectively. From the known isotopic 
composition of ‘DS’ and the measured values of ‘m’ and ‘s’ it is possible to precisely calculate the isotopic composition of 
the natural sample. This applies for the geometric as well as for the iterative (this study) approach.  
Drawing straight lines through the point representing the double spike (DS) composition and each 
point of the mass fractionation line of the mixture, results in a surface in the three dimensional 
isotope-space. One of these lines is representing the mixing line of the DS and the sample (dashed 
line) which has to be determined from the calculations. Using a common denominator-isotope of all 
isotope ratios on each axis forming the three dimensional isotope-space ensures linear mixing 
between the double spike and the sample. The intersection of the surface with the fractionation line 
of the pure sample represents the true isotopic composition of the sample (RUDGE et al., 2009). The 
precision of the double spike technique chiefly depends on the exact knowledge of the isotopic 
composition of the double spike solution which hast to be accurately calibrated (see chapter II). 
Because we assume Sr isotope fractionation to follow the exponential law, we have to solve a set of 
non-linear equations when calculating the true isotopic composition of the sample. In this study we 
applied the common isotope dilution equations to calculate 84Srspike/
84Srsample with the 
88Sr/84Sr ratio 
and the 86Sr/84Sr ratio, respectively. To find the true isotopic composition of the sample we used an 
iterative routine which was adopted from the work of (HEUSER et al., 2002) and modified for Sr 
analysis (see chapter II and the appendix for detailed information).  
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Applying the double spike method to stable Sr measurements resulted in an actual long term 
reproducibility of ±0.025‰ (2SD) for the coral standard JCp-1 and ±0.026‰ (2SD) for the seawater 
standard IAPSO (see fig.I.5 and fig.I.6). Method development and double spike calibration are 
discussed in further detail in chapter II. 
 
fig.I.5: Long term reproducibility of the coral standard JCp-1. We determined the stable Sr isotope composition with 
0.194±0.025‰ (2SD). 
 








































CHAPTER I – GENERAL INTRODUCTION THESIS OUTLINE 
37 
I.7 Thesis outline 
This PhD-thesis focuses on the natural Sr isotope fractionation and its precise determination via a 
TIMS double spike method. The impetus for this work was given by (FIETZKE and EISENHAUER, 2006) 
who reported significant stable Sr isotope fractionation during CaCO3 precipitation from seawater. 
They derived their data via a bracketing standard method and reported an external reproducibility of 
±0.05‰ (2SD). In order to improve the precision of stable Sr measurements and to apply δ88/86Sr to 
geochemical problems this PhD-project was done. This work is divided into six chapters: 
 
Chapter I. gives a general introduction to stable Sr geochemistry. Furthermore, it provides an 
overview about the mechanisms driving isotope fractionation in nature and it is outlined how 
fractionation occurring during mass spectrometric measurements can be corrected for. 
 
The following chapters are presented in the form of manuscripts that have either been published or 
are ready for submission. They revisit the topics addressed in the general introduction and give 
examples of the applications of δ88/86Sr in the field of isotope bio-geochemistry. 
 
Chapter II. was published as a technical note in the Journal of Analytical Atomic Spectroscopy 
(KRABBENHÖFT et al., 2009). It represents a detailed description of the development of the Sr double 
spike method including spike calibration and the evaluation of the spike-corrected Sr isotopic ratios. 
 
Chapter III.  was published in Geochimica et Cosmochimica Acta (KRABBENHÖFT et al., 2010). It 
represents the first application of the Sr double spike technique in order to derive the oceans Sr 
budget by combining the results of stable and radiogenic Sr isotope measurements of river waters, 
hydrothermal fluids, marine carbonates and seawater in a three-isotope plot. This approach adds an 
additional dimension to the radiogenic picture by making the differences in Sr isotopic composition 
of input and output fluxes apparent. This comparison clearly indicates an isotopic disequilibrium with 
the combined riverine and hydrothermal input showing a heavier (δ88/86Sr ~ 0.31‰) Sr isotopic 
composition compared to the output represented by marine carbonates (δ88/86Sr ~ 0.21‰).  
 
Chapter IV. is focusing on the Sr isotopic composition of scleractinian warm water corals. In this 
study we analyzed cultured (Acropora sp.) and fossil (Porites sp.) warm water corals with respect to 
their Sr isotopic composition. The temperature sensitivity of δ88/86Sr was tested and a non-linear 
relationship was found which is contrary to earlier results published by (FIETZKE and EISENHAUER, 2006; 
RÜGGEBERG et al., 2008). Furthermore an annual δ88/86Sr cycle of a fossil (15 kyr B.P.) Porites sp. coral 
was measured showing a similar seasonal variability like δ18O and Sr/Ca values. The average δ88/86Sr 
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of the fossil Porites sp. coral shows a similar isotopic composition (δ88/86Srmean=0.205±0.017‰) like 
recent Porites sp. represented in this study by the coral standard JCp-1 (δ88/86SrJCp-1=0.194±0.009‰). 
In contrast to Sr/Ca elemental ratios the average δ88/86Sr is obviously not affected by enhanced 
weathering and elevated Sr fluxes from exposed shelves during glacial times. 
 
Chapter V. provides a synthesis of the issues discussed in the frame of this work and gives 
suggestions of how to proceed in stable Sr isotope research. 
 
Chapter VI. (Appendix) represents a summary of meeting abstracts I was attending during the course 
of my PhD. Furthermore it provides supporting material for stable Sr isotope researchers like a 
mathematical derivation of the Sr double spike algorithm and a user manual which describes the 
data processing from raw numbers to final stable Sr values.  
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II. Determination of radiogenic and stable strontium isotope ratios 
(87Sr/86Sr, δ88/86Sr) by thermal ionization mass spectrometry 
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II.1 Abstract 
Recent findings of natural strontium isotope fractionation have opened a new field of research in 
non-traditional stable isotope geochemistry. While previous studies were based on data obtained by 
MC-ICP-MS we here present a novel approach combining thermal ionization mass spectrometry 
(TIMS) with the use of an 87Sr/84Sr double spike (DS). Our results for the IAPSO sea water and JCp-1 
coral standards, respectively, are in accord with previously published data. Strontium isotope 
composition of IAPSO sea water standard was determined as δ88/86Sr=0.386(5)‰ (δ values relative to 
the SRM987), 87Sr/86Sr*=0.709312(9) n=10 and a corresponding conventionally normalized 
87Sr/86Sr=0.709168(7) (all uncertainties 2SEM). For JCp-1 coral standard we obtained 
δ88/86Sr=0.197(8)‰, 87Sr/86Sr*=0.709237(2) and 87Sr/86Sr=0.709164(5) n=3. We show that applying 
this DS-TIMS method the precision is improved by at least a factor of 2 - 3 when compared to MC-
ICP-MS. 
II.2 Introduction 
The Rubidium/Strontium (Rb/Sr) radiogenic isotope system is  one of the oldest isotopic applications 
measured by mass-spectrometry (NIER, 1938; NIER, 1940; PAPANASTASSIOU and WASSERBURG, 1973)  and 
probably the most frequently applied one for absolute and stratigraphic age dating as well as for 
provenance studies (GOLDSTEIN and JACOBSEN, 1988; TÜTKEN et al., 2002). Thermal ionization mass 
spectrometry (TIMS) or alternatively multi-collector-inductively-coupled-plasma-mass-spectrometry 
(MC-ICP-MS) are the common methods in order to determine the radiogenic in-growth and 
variations of 87Sr/86Sr from the radioactive beta minus decay of 87Rb to 87Sr via a half-live of about 48 
billion years. TIMS and MC-ICP-MS based Sr isotope measurements usually provide an external 
reproducibility of ∼10 to ∼15 ppm because during the mass-spectrometer runs any fluctuation of the 
87Sr/86Sr-ratio due to mass and temperature dependent isotope fractionation is normalized and 
corrected relative to the commonly accepted 86Sr/88Sr-ratio of 0.1194 (NIER, 1938). Following this 
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procedure only the radiogenic in-growth of the 87Sr/86Sr can be determined whereas any other 
variation due to equilibrium or kinetic isotope fractionation is invisible and cannot be used to 
constrain additional geochemical information. 
Recent studies applying the MC-ICP-MS combined with the bracketing standard method (FIETZKE and 
EISENHAUER, 2006; HALICZ et al., 2008; OHNO and HIRATA, 2007; RÜGGEBERG et al., 2008) showed that the 
88Sr/86Sr-ratio of seawater (δ88/86Sr∼0.381‰) significantly deviates from the 88Sr/86Sr-ratio of SRM987 
(per definition δ88/86Sr=0). In the same study (FIETZKE and EISENHAUER, 2006) it was also found that 
δ88/86Sr values of marine and artificially precipitated calcium carbonates show a temperature 
controlled isotopic difference of 0.17 to 0.36‰ between the carbonate precipitates and the bulk 
solution, with the carbonates isotopically lighter than the seawater. Either one or both major sources 
for Sr to the ocean (hydrothermal sources and continental weathering) must be fractionated relative 
to the SRM987. 
Although bracketing standard is a suitable method to determine simultaneous natural fractionation 
of 87Sr/86Sr and δ88/86Sr, it can be assumed that TIMS in combination with a double-spike (DS-TIMS) 
may provide even higher precision and accuracy. So far MC-ICP-MS methods were burdened with the 
problem of potential fractionation during ion chromatographic Sr separation and the sensitivity for 
matrix effects during the ICP-MS measurements (FIETZKE and EISENHAUER, 2006; HALICZ et al., 2008; 
OHNO and HIRATA, 2007; RÜGGEBERG et al., 2008; YANG et al., 2008). Both problems can be overcome 
by the use of an appropriate double spike. 
Sr double spikes have already successfully been used in order to determine Sr isotope values for the 
early solar system (PATCHETT, 1980a; PATCHETT, 1980b). The application of a Sr double spike follows 
earlier attempts in the Pb-isotope analytic where double spikes have been used in the sixties of the 
last century (COMPSTON and OVERSPY, 1969) with recent progress in application induced by the 
pioneering work of Galer (GALER, 1999). In order to use a DS for Sr isotope analysis at least two 
isotope measurements have to be performed. One unspiked run (ic-run, isotope composition) and 
one run with the double spike added to the sample solution (id-run, isotope dilution). Data reduction 
and the simultaneous calculation of 87Sr/86Sr*- (87Sr/86Sr*=fractionated 87Sr/86Sr ratio from our spike 
correction algorithm) and δ88/86Sr can be performed following certain numerical procedures 
previously designed for Pb (COMPSTON and OVERSPY, 1969) and Ca isotope analysis (HEUSER et al., 
2002).  
Here we present the application of a 87Sr/84Sr double spike for the simultaneous determination of 
87Sr/86Sr* and δ88/86Sr, respectively. The results of earlier studies could be reproduced with higher 
external precision (FIETZKE and EISENHAUER, 2006; HALICZ et al., 2008). 
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II.3 Experimental methods and TIMS measurement 
II.3.1 87Sr/84Sr-double spike preparation 
In order to prepare an 87Sr/84Sr spike solution we purchased two Sr-cabonates enriched in 84Sr and in 
87Sr, respectively, from Oak Ridge National Laboratory, USA with a certified isotopic compositions 
given in tab.II.1. The abundance of interfering 87Rb was reported to be less than 1 ppm in the 84Sr 
solution and less than 56 ppm in the 87Sr solution. In order to reach the anticipated 87Sr/84Sr-ratio of 
∼1 we mixed the two solutions in a way that the mixture consists of 48% of the 87Sr-solution and 52% 
of the 84Sr-solution, respectively.  
With the given abundances of Sr isotopes in the two solutions we calculated theoretical values for 
86Sr/84Sr-, 87Sr/84Sr- and 88Sr/84Sr-ratios of the desired 87Sr/84Sr spike solution. These values were used 
as start values for the calibration of the spike relative to the SRM987 SrCO3 standard from the 
National Institute of Standards and Technology (NIST) as described below. 
II.3.2 TIMS multicollector measurement procedure 
Sr was extracted from all samples by using standard ion chromatographic procedure (tab.II.2). Prior 
to the TIMS measurements the solutions were evaporated to dryness and redissolved in 2 µL H3PO4. 
For TIMS measurements rhenium ribbon single filaments are used in combination with a Ta2O5-
activator which stabilizes the signal and enhances the ionization rate. About 2 µL of the Ta2O5-
activator solution is first added on the filament and heated to near dryness at a current of about 0.5 
A. Then 2 µL of the sample solution containing 250 to 500 ng Strontium were added to the activator 
solution and heated to dryness at a current of 1 A. Finally we increased the current to a value of 1.6 A 
and kept it there for about one minute until the sample color turned into a light brown. The last step 
in this procedure was to heat up the filament until a light red glow was visible. The current was kept 
at this setting for about 20 to 30 seconds. For the measurements of the SRM987 no column 
chemistry was necessary because of the negligible amounts of interfering 87Rb in the standard 
material. Nevertheless aliquots of SRM987 standard material were also separated by the above 
mentioned ion exchange method showing no significant deviation from the untreated material.  
Sr isotope measurements were carried out at the IFM-GEOMAR mass spectrometer facilities in Kiel, 
Germany, using a TRITON mass spectrometer (ThermoFisher, Bremen, Germany) which operates in 
positive ionization mode with a 10 kV acceleration voltage and 1011 Ω resistors for the Faraday cups. 
The instrument is equipped with nine moveable Faraday cups as detection system which account for 
the dispersion of the whole Sr isotope mass range from ~84 to 88 amu, respectively.  
Mass 85 is measured in order to monitor the interfering 87Rb. Prior to each measurement session a 
gain calibration of all amplifiers was carried out. Measurement started with a heatup-sequence 
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(pyrometer controlled) heating up the filament by increasing the current to 2.6 A (ramping velocity of 
0.5 A/min). The final current usually corresponds to a temperature of ∼1380 °C. The ion beam was 
then automatically focused (including wheel focus) and peak centering was performed. Then the 
filament was slowly (0.05 A/min) heated up to ~3.2 A corresponding to a temperature of ∼1430 to 
1490 °C. When the signal intensity reached 6 V on mass 88, data acquisition was started. 14 scans 
with 17 seconds integration time and 3 seconds idle time eachare summarized to one block. For each 
sample 9 blocks corresponding to 126 scans were measured. Before each block the baseline 
(deflected beam) was recorded and the amplifier rotation was performed. 
Applying the double spike technique at least two separate runs for one measurement are necessary: 
one ic-run and one id-run where the 86Sr/84Sr-, 87Sr/84Sr- and 88Sr/84Sr-ratios are determined. To 
correct for isotope fractionation during  TIMS measurement the 86Sr/84Sr, 87Sr/84Sr  and the 88Sr/84Sr-
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II.3.3 Double spike algorithm 
The mean of the measured and normalized 86Sr/84Sr-, 87Sr/84Sr- and 88Sr/84Sr-ratio of the two ic-runs 
are taken as start values for the spike correction algorithm (fig.II.1).  
 

















Sr values. Usually about 20 cycles are necessary in order to achieve the desired 
precision. 
The results of the id-runs need to be denormalized and corrected for the added DS. In order to 
decompose the sample/spike mixture we used an iterative routine closely following the one 
presented earlier for Ca-isotopes (HEUSER et al., 2002) based on the classical isotope dilution equation 
and on an similar algorithm presented earlier for Pb isotopes (COMPSTON and OVERSPY, 1969). The 
RESULTS CHAPTER II – DOUBLE SPIKE DEVELOPMENT 
54 
algorithm starts with the calculation of the sample to spike ratio (Q86(84)=Q88(84)=
84Srsample/
84Srspike) 
from the measured 86Sr/84Sr (Q86(84)) and 
88Sr/84Sr (Q88(84)) ratios and their corresponding values of 
the id- and ic-run (eqs.11 and 12 in fig.II.1). Although the approximation of 84Srsample/
84Srspike from 
Q86(84) and Q88(84) are supposed to be identical they differ to a certain extend prior to the 
denormalization procedure. The 87Sr/84Srcalc (eq.1) can be calculated from the 
87Sr/84Sr-ratio of the ic-
run and the 87Sr/84Sr-ratio of the spike as well as from the mean of Q86(84) and Q88(84) in eq.13, 
respectively. Comparison of 87Sr/84Srcalc and 
87Sr/84Srmeas in eq.2 then allows the calculation of a 
fractionation factor ß which is used to denormalize the 86Sr/84Sr and 88Sr/84Sr-ratios in eq.3 and 4, 
respectively. A first approximate 88Sr/86Sr-ratio can then be determined by a comparison of 
88Sr/84Srcalc and 
86Sr/84Srcalc (eq.5), respectively. From Q86 (eq.6) and 
88Sr/86Srcalc a new 
88Sr/86Sr is 
determined (eq.7) which is then used for iterative calculation of an improved Sr isotope fractionation 
factor (ßnew). This ßnew allows us to calculate new start values for the algorithm (eq.9 and 10). They 
again are used to simultaneously calculate Q86(84) and Q88(84). The algorithm usually needs ~20 
iterative steps in order to meet the stop criteria being the difference of Q86(84) and Q88(84) smaller 
than 1∙10-17. Latter stop criteria guarantees that ßnew becomes zero.  
The 88Sr/86Sr-ratios are reported in the common δ-notation. The session offset corrected 
88Sr/86Sr-ratios are normalized to the accepted value 88Sr/86Sr=8.375209 and reported in the 
usual δ-notation (eq.II.1) as defined earlier (FIETZKE and EISENHAUER, 2006).  
eq.II.1 δ/Sr =
fg




r ∙ 1000 
II.4  Results 
II.4.1 Spike calibration 
In order to perform double spike calibration measurements we used two different Sr standards: (1) 
NIST SRM987 and (2) the international seawater standard IAPSO. The first one was needed to 
calibrate the double spike and worked as a general reference standard for all of our measurements. 
The second standard has a known offset to the SRM987 in its δ88/86Sr-value of ∼0.381(10)‰ and 
serves as an independent control point (FIETZKE and EISENHAUER, 2006). For calibration and spike 
optimization the SRM987 standard solutions were spiked with different amounts in order to 
produce solutions with 84Srspike/
84Srsample ratios in a range from 5 to 30.  
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The calculated spike isotope ratios using the certified isotope compositions of the enriched solutions 








Srspike ratios in a range from 5 to 30. We observed that the measured δ
88/86

















Sr as calculated from 
the reported certified values. 
 
 
fig.II.3: After optimization of the spike ratios there is no further dependency of the δ
88/86





ratio. The black line marks the average value of ~0 and the broken line the ±2SD standard deviation from the defined 
value. 
This is a consequence of the deviation of the calculated spike values from the real composition. In 
order to extract the real composition and for an optimization procedure we generated the least 
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square sum of all measured δ88/86Sr values of SRM987 and minimized it by slightly varying the spike 
isotope ratios using a least square fit which was performed with the solver function of Microsoft 
Excel®. After this optimization procedure no further dependency of the δ88/86Sr on the 
84Srspike/
84Srsample ratio could be found (fig.II.3). Latter values are then assumed to be the best 
approximation of the “true” Sr double spike composition as presented in tab.II.3. During the course 
of the double spike calibration ~40 measurements of SRM987 standard with varying 84Srspike/
84Srsample 
ratios have been performed. The typical internal precision of the single measurements was ±7 ppm 
(RSD) for the 86Sr/84Sr-ratio and 9 ppm for the 88Sr/84Sr-ratio in the ic-runs. We measured ±11 ppm 
(RSD) for the 86Sr/84Sr-ratio and 21 ppm for the 88Sr/84Sr-ratio in the id-run. The internal precision 
correlates with the 84Srspike/
84Srsample-ratio. 
II.4.2 Results of standard measurements 
Our measurements show that there are significant session-to-session variations in the isotopic ratios 
of the standard SRM987 measurements (fig.II.4). This behavior is  
 
fig.II.4: Long term session-to-session variations for the SRM987 standard result in a δ
88/86
Srmean of ~0.012±0.044 (2SD). 
Different color marks different measurement sessions of SRM987. Black line marks the average value and the broken lines 
mark the 2sd-standard deviation. 
also known for other isotope measurements using TIMS. The reasons for this phenomena are not 
entirely known. Potential sources could be e.g. the Faraday Cup degradation or differing source 
vacuum conditions due to the use of two distinct cryo traps. In order to account for this observation  
we calculated the mean of the fractionation corrected isotope δ88/86Sr- and 87Sr/86Sr*-ratios of 
SRM987 and determined its offset to the accepted value for 88Sr/86Sr=8.375209 (δ88/86Sr=0) and 
87Sr/86Sr=0.710240, respectively (NIER, 1938). This offset was then used to correct the corresponding 
values of every single sample and resulted in the session corrected δ88/86Sr- and 87Sr/86Sr*-values. 
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fig.II.5a: Longterm measurements of the IAPSO seawater standard. Every data point represents the mean of up to 5 
single measurements of the same solution. The determined value of δ
88/86
Srmean=0.386±0.005 (2SEM) of the 


















Srnorm=0.709173(18)) corresponding to a value of ~144±20 ppm. 
During the course of this project the δ88/86Sr- and 87Sr/86Sr*-values of the IAPSO seawater standard 
(fig.II.5a/b) were found to be 0.386(5)‰ and 0.709312(9) (2SEM, n=10), respectively. The δ88/86Sr 
value for the IAPSO is in general accord with the value determined earlier (FIETZKE and EISENHAUER, 
2006). The 87Sr/86Sr* value is significantly different from the accepted 87Sr/86Srnorm seawater ratio of 
0.709168(7). Latter difference of 144 ppm (fig.II.5a/b) is due to the conventional normalization 
procedure where the measured 87Sr/86Sr ratio is normalized to a constant 88Sr/86Sr-ratio of 8.375209 
(δ88/86Sr=0) neglecting any kind of natural Sr isotope fractionation.  





SrJCp-1-mean=0.197(8) (2SEM, black line) of the coral standard JCp-1 measurements. Every data point 
represents the mean of up to 3 single measurements of the same solution. Note, that the δ
88/86
SrJCp-1-mean is isotopically 
about a factor of 2 lighter than δ
88/86
SrSeawater. This is due to mass dependent Sr isotope fractionation during CaCO3 













Sr* of JCp-1 is 




Sr* of seawater by ~80 ppm. 
Renormalization of our measured 87Sr/86Sr* value of 0.709312(9) to a δ88/86Sr value of zero results in 
an average value of 87Sr/86Srnorm 0.709166(9) which is in accord with the generally accepted 
radiogenic 87Sr/86Sr-ratio for seawater (FANTLE and DEPAOLO, 2006). This is not a contradiction to the 
above stated value of 87Sr/86Sr=0.709168(7) of seawater but a consequence of two different ways of 
calculating the 87Sr/86Srnorm and 
87Sr/86Sr*, respectively. The first value is purely the result of the 
conventional Sr measurement (ic-run) while the latter uses both measurements (ic-/ id-run) for the 
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calculation.The values for the modern coral standard JCp-1 are plotted in the same way as for the 
IAPSO above (fig.II.6a/b).  
The measurements show a value of 0.197(8)‰ (2SEM) for δ88/86Sr and of 0.709237(2) for the 
87Sr/86Sr* ratio. There is a significant difference of the δ88/86Sr values for JCp-1 and IAPSO in the order 
of 189±9 ppm. Similar to this observation there is also a significant 75±15 ppm difference between 
our measured 87Sr/86Sr* ratio for JCp-1 and seawater (0.709312(9)). The ~80 ppm difference of the 
JCp-1 carbonate standard to the IAPSO seawater standard in the 87Sr/86Sr* and the ~2 times larger 
difference in the δ88/86Sr-value indicate mass- and probably temperature dependent Sr isotope 
fractionation during the precipitation of CaCO3 from seawater.  
This results are in accord with earlier studys (FIETZKE and EISENHAUER, 2006; HALICZ et al., 2008; 
RÜGGEBERG et al., 2008). Comparison of our data with previous studies show that the here presented 
DS-TIMS method produces accurate results. The major advantage of our method is the 2 - 3 times 
better external precision. Additionally the use of a double spike solves the problems inherent in 
published MC-ICP-MS methods like fractionation during chemical sample pretreatment and matrix 
related mass bias fluctuations. The analytical blank was determined to 0.3 ng of Sr which was 
considered to be neglectable. 
II.5 Conclusions 
With our DS-TIMS method we are able to determine the stable δ88/86Sr and the radiogenic 87Sr/86Sr* 
simultanously. The use of a double spike overcomes the problem of any uncontrolled fractionation 
during sample pretreatment in particular ion chromatographic separation of Strontium from the 
sample matrix. The external precision could be improved by a factor of 2 - 3 compared to established 
MC-ICP-MS methods. Finally this DS-TIMS method is not burdened by mass bias fluctuations known 
from MC-ICP-MS bracketing standard approaches.  
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II.6 Tables 
 84Sr (%) 86Sr (%) 87Sr (%) 88Sr (%) Solution 
1. ~0.01 0.82(2) 91.26(10) 7.91(10) 87Sr-Solution 
2. 99.64(1) 0.14(1) 0.03(1) 0.19(1) 84Sr-Solution 
tab.II.1: Original isotope composition of the two Oak Ridge National Laboratory Sr carbonate standards. 
step description 
1 Addition of 2 ml 4.5 N HNO3 to the weighed and grinded sample 
2 Splitting the samples into two fractions 
3 Addition of the spike solution to one fraction 
4 Drying the samples at ~90°C 
5 
Column separation of the spiked and unspiked sample. 
BIO-RAD 650 μl columns with Eichrom Sr-SPS resin (mesh size 50-100 μm). 
To perform this separation we filled the columns to one third 
with the resin followed by a washing procedure 
6 Drying the separated samples at ~90°C 
7 
Addition of 200 µl 4.5 N HNO3 and 50 µl 30 % H2O2 and 
heating the solution in a closed beaker at least 5 hours at ~80°C 
8 Drying the sample at ~80°C 
9 Loading the sample with 2µL H3PO4 solution onto Re filaments 
10 Measuring the samples 
tab.II.2: Sample treatment prior mass spectrometric analysis 
 86Sr/84Sr 87Sr/84Sr 88Sr/84Sr 
0.009898 0.925937 0.083292 
tab.II.3: Strontium isotopic composition of the double spike 
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III.1 Abstract 
We present strontium (Sr) isotope ratios that, unlike traditional 87Sr/86Sr data, are not normalized to 
a fixed 88Sr/86Sr ratio of 8.375209 (defined as δ88/86Sr=0 relative to NIST SRM 987). Instead, we correct 
for isotope fractionation during mass spectrometry with a 87Sr-84Sr double spike. This technique 
yields two independent ratios for 87Sr/86Sr and 88Sr/86Sr that are reported as (87Sr/86Sr*) and (δ88/86Sr), 
respectively. The difference between the traditional radiogenic (87Sr/86Sr normalized to 
88Sr/86Sr=8.375209) and the new 87Sr/86Sr* values reflect natural mass-dependent isotope 
fractionation. In order to constrain glacial/interglacial changes in the marine Sr budget we compare 
the isotope composition of modern seawater ((87Sr/86Sr*, δ88/86Sr)Seawater) and modern marine 
biogenic carbonates ((87Sr/86Sr*, δ88/86Sr)Carbonates) with the corresponding values of river waters 
((87Sr/86Sr*, δ88/86Sr)River) and hydrothermal solutions ((
87Sr/86Sr*, δ88/86Sr)HydEnd) in a triple isotope plot. 
The measured (87Sr/86Sr*, δ88/86Sr)River values of selected rivers that together account for ~18% of the 
global Sr discharge yield a Sr flux-weighted mean of (0.7114(8), 0.315(8)‰). The average (87Sr/86Sr*, 
δ88/86Sr)HydEnd values for hydrothermal solutions from the Atlantic Ocean are (0.7045(5), 0.27(3)‰). In 
contrast, the (87Sr/86Sr*, δ88/86Sr)Carbonates values representing the marine Sr output are (0.70926(2), 
0.21(2)‰). We estimate the modern Sr isotope composition of the sources at (0.7106(8), 
0.310(8)‰). The difference between the estimated (87Sr/86Sr*, δ88/86Sr)input and (
87Sr/86Sr*, 
δ88/86Sr)output values reflects isotope disequilibrium with respect to Sr inputs and outputs. In contrast 
to the modern ocean, isotope equilibrium between inputs and outputs during the last glacial 
maximum (10-30 kyr before present) can be explained by invoking three times higher Sr inputs from 
                                                           
1Present address: Laboratoire d'Océanographie de Villefranche-sur-Mer, UMR 7093, Station Zoologique, BP 28, 06234 
Villefranche-sur-mer, France. 
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a uniquely “glacial” source: weathering of shelf carbonates exposed at low sea levels. Our dasta are 
also consistent with the “weathering peak” hypothesis that invokes enhanced Sr inputs resulting 
from weathering of post-glacial exposure of abundant fine-grained material. 
III.2 Introduction 
The residence time of Sr in seawater of ~2.4 Myr is long compared to the mixing time of the oceans 
of ~1.5 kyr. The radiogenic Sr isotope composition (87Sr/86Sr: ∼0.709175; (VEIZER, 1989) is therefore 
homogeneous in seawater and in modern marine carbonates (FAURE and FELDER, 1981; MCARTHUR, 
1994; MCARTHUR et al., 2001). The modern 87Sr/86Sr value of seawater is determined by mixing of two 
isotopically distinct sources: 1) Sr from the weathering of old, rubidium (Rb)-rich continental silicate 
rocks that have been enriched in 87Sr by the decay of 87Rb; 2) Sr with low 87Sr/86Sr values derived 
from the Earth’s mantle that enters the ocean at mid-ocean ridges and ridge flanks, and from 
weathering of mantle-derived rocks exposed on the continents (GODDERIS and VEIZER, 2000; PALMER 
and EDMOND, 1992).  
A minor Sr influx from diagenetic alteration and dissolution of sediments on the seafloor has a 
87Sr/86Sr value only slightly lower than modern seawater (ELDERFIELD and GIESKES, 1982). While 
average riverine 87Sr/86Sr values are distinctly different from seawater, the large difference in Sr 
concentration ([Sr]Rivers~1.0 µM, [Sr]Seawater~90 µM) ensures that even in marginal seas with high 
riverine input seawater 87Sr/86Sr values are close to the global seawater value (87Sr/86Sr=0.709175). 
Exceptions are brackish seas such as the Baltic Sea with salinities below 15 psu (ANDERSSON et al., 
1992). The average Sr concentration of river waters that are dominated by silicate weathering input 
is ~0.2 µM. The average 87Sr/86Sr value of young volcanic provinces is ~0.705, but is ~0.735 for old 
crustal terrains (PALMER and EDMOND, 1992). Rivers draining carbonate rocks, in contrast, have much 
higher Sr concentrations of ~4 µM with typical 87Sr/86Sr values ranging from 0.707 to 0.709 
(GAILLARDET et al., 1999). On average, global river water is characterized by Sr concentration of ~1 µM 
and a 87Sr/86Sr value of ~0.7111 (PEUCKER-EHRENBRINK et al., 2010). About one third of this riverine Sr is 
derived from silicate weathering and about two thirds from weathering of carbonate rocks exposed 
on the continents (GAILLARDET et al., 1999; PALMER and EDMOND, 1989). 
Although the principles of marine Sr geochemistry are well understood, there is an ongoing 
discussion about the effects of glacial/interglacial changes in continental weathering on the marine 
Sr budget. Recent findings indicate that ~70% of the silicate weathering flux is affected by non-
steady-state processes, possibly creating a ~100 kyr periodicity and an imbalance between input and 
output fluxes during the Quaternary (VANCE et al., 2009). However, the Sr imbalance created by the 
non-steady state conditions cannot be quantified by radiogenic Sr ratios alone. Marine Sr budgets 
that are solely based on radiogenic Sr focus on the input fluxes, because marine calcium carbonate 
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(CaCO3) and seawater have identical radiogenic Sr isotope values. This approach is a direct 
consequence of the normalization of measured 87Sr/86Sr values to a fixed 88Sr/86Sr ratio of 8.375209 
(NIER, 1938) to correct for mass dependent isotope fractionation in nature and during mass-
spectrometry, thereby loosing the ability to extract information about natural isotope fractionation. 
In order to overcome this obstacle and investigate combined radiogenic and stable Sr isotope 
compositions, we determine natural Sr isotope fractionation with a TIMS double spike method 
(KRABBENHÖFT et al., 2009). First results showed that the (87Sr/86Sr*, δ88/86Sr)Seawater is homogeneous 
(LIEBETRAU et al., 2009). We also demonstrated that the stable Sr isotope composition of marine 
carbonates and corals (δ88/86SrCarbonates) is ~0.2‰ lighter than seawater. This is caused by the 
preferential uptake of lighter isotopes during carbonate precipitation (FIETZKE and EISENHAUER, 2006; 
HALICZ et al., 2008; OHNO et al., 2008). The still limited data base of stable Sr isotope ratios indicates 
that marine basalts have δ88/86Sr values of ~0.25‰ (HALICZ et al., 2008; OHNO et al., 2008), 
significantly different from continental igneous rocks and soils that show lighter values in the range 
of ∼ -0.2 to 0.2‰. 
When natural Sr isotope fractionation is taken into account the Sr isotope composition of marine 
carbonates and seawater differ. This allows for the simultaneous calculation of input and output 
fluxes using complete Sr budget equations. This new approach extends the well-established 
radiogenic Sr isotope systematic to an additional dimension and allows for simultaneous 
determination of paired (87Sr/86Sr*, δ88/86Sr) ratios. Here, we present the first results of paired 
(87Sr/86Sr*, δ88/86Sr) values for rivers, hydrothermal fluids, marine carbonates and seawater to 
constrain the contemporary marine Sr budget. 
  














III.3 Materials and methods 
III.3.1 River waters 
In order to reevaluate the Sr isotope supply via river discharge to the ocean and to constrain the 
riverine Sr budget for paired (87Sr/86Sr*, δ88/86Sr) ratios, we analyzed a suite of rivers representing 
~18% of the global annual riverine Sr flux to the ocean. The Sr isotope values are presented together 
with complementary information about water discharges, sampling locations and the riverine Sr 
fluxes (tab.III.1 and fig.III.1).  






Sr)River-values corresponding to ~18 % of the global Sr discharge to the ocean are 




Sr* and the δ
88/86
Sr values. The Sr flux-
weighted global mean of all rivers is marked by the red star. 
The analyzed rivers drain various proportions of 9 of the 16 large-scale exorheic drainage regions on 
Earth (GRAHAM et al., 1999; PEUCKER-EHRENBRINK and MILLER, 2004). We assume that river water 
samples investigated here are reasonably representative of the 9 large-scale draining regions, 
because both the average bedrock age (399 Ma) and the relative abundances of sedimentary (70%), 
volcanic (9%) and intrusive/metamorphic (21%) bedrock are similar to global exorheic bedrock 
weighted according to water discharge (405 Ma, 73%, 9%, 18%, respectively). The set of rivers 
investigated here thus does not appear to be significantly biased with respect to the lithological 
setting and bedrock ages (PEUCKER-EHRENBRINK and MILLER, 2004). 
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III.3.2 Hydrothermal solutions 
Seven hydrothermal vent-fluid samples from the active area at 4°48´S on the Mid-Atlantic Ridge 
(MAR) have been analyzed for this study (tab.III.2). The 4°48´S hydrothermal system is located on-
axis at a water depth of ~3000 m. It is dominated by fresh to slightly altered lava flows and pillows 
(HAASE et al., 2007). On this plateau at least three high-temperature vent fields (Turtle Pits [TP], 
Comfortless Cove [CC] and Red Lion [RL]) are located on a flat, 2 km wide, volcanically and 
tectonically active area (HAASE et al., 2007). The samples analyzed in this study were taken from 
these high-temperature vent fields using an ROV equipped with a “Multiport Valve-based all-Teflon 
Fluid Sampling System, (KIPS)” during the RV l´Atalante cruise MARSUED IV in 2007. Comfortless Cove 
as well as TP are characterized by high fluid temperatures >407°C at 2990 m water depth, close to 
the critical point of seawater, and show indications of phase separation (HAASE et al., 2007). The RL 
vent field emits ∼370 °C fluids that show no indications of phase separation. 
The measured Mg and Sr concentrations of the fluids are positively correlated suggesting that 
[Sr]HydEnd of the phase-separated Sr sources is lower than seawater. Extrapolating Mg/Sr ratios of the 
TP and CC fluid samples to a Mg/Sr ratio of zero yields a [Sr]HydEnd of 34(5) µM.  Likewise, the [Sr]HydEnd 
of RL was estimated at ∼56(5) µM. Strontium isotope compositions measured in this study are 
presented in tab.III.2 and in fig.III.2 a and b. 
III.3.3 Marine carbonates 
The major sink of Sr in the ocean is the formation of aragonitic and calcitic CaCO3 (MILLIMAN and 
DROXLER, 1996) where calcium (Ca) is substituted by Sr. In order to quantify the Sr burial flux and its 
isotope composition we performed Sr isotope measurements on important calcifying marine 
organisms (tab.III.3). CaCO3 deposition rates are primarily (~39%) controlled by species living on the 
shelves and slopes (e.g. mussels, star fish, sea urchins, benthic foraminifera, bryozoans, calcareous 
algae). Most of the remainder is determined in almost equal proportions by reef corals (20%), 
coccoliths (16%) and planktic foraminifera (20%). The higher Sr concentrations in aragonite cause 
larger Sr/Ca ratios than observed in calcite (see tab.III.3). Sr/Ca ratios are well constrained for reef 
corals, Halimeda, planktic foraminifera and also for many shelf and slope species (e.g. mussels: 1.5 
mM, star fish: 2.5 mM, aragonitic algae: 11 mM).  
However, the average value for shelf and slope species cannot be constrained well because the 
relative proportions of calcite and aragonite are not well known. We therefore arbitrarily assume 
that shelf species are composed of two thirds aragonite (Sr/Ca: ~9 mM) and one third calcite (Sr/Ca: 
~1.8 mM), yielding an average shelf carbonate Sr/Ca of ~6.6 mM. 
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III.3.4 Sample preparation 
All solid carbonate samples were weighed in Teflon beakers together with 2 ml H2O (18.2 MΩ Milli-Q 
water). Samples were dissolved in 500 µl 4.5 N HNO3, heated for at least 5 hours and then dried at 
~90 °C. In order to remove organic matter 50 µl H2O2 and 200 µl 2N HNO3 were added and samples 
were heated to ~80°C for at least 5 hours in closed beakers. Subsequently, samples were dried again 
at ~80°C, dissolved in 2 ml 8 N HNO3 and split into two fractions that each contained 1000 – 1500 ng 
Sr, corresponding to a carbonate sample weight of 1 - 2 mg. The Sr double spike was added to one 
fraction and both fractions were then dried at ~90°C.  
Chromatographic column separation was performed using 650 µl BIO-RAD columns filled to one third 
with Eichrom Sr-SPS resin (grain size 50-100 µm). The resin was washed three times with 4.5 ml H2O 
and 4.5 ml 8 N HNO3. The resin was then conditioned three times with 1 ml 8 N HNO3 before the 
sample - dissolved in 1 ml 8 N HNO3 – was loaded onto the column. In order to remove the sample 
matrix the resin was washed six times with 1 ml 8 N HNO3.  
The Sr-fraction was eluted into a Teflon beaker in three steps with 1 ml H2O each. Any resin residue 
was removed by drying down and then heating samples to 80°C in 50 µl H2O2 and 200 µl 2N HNO3 for 
at least 5 hours in closed beakers. Finally, samples were dried at ~80°C. About 500 ng Sr was loaded 
together with 2 µl H3PO4 onto a single Re filament after addition of 1.5 µl of Ta2O5-activator to 
stabilize signal intensity.  
The sample was then heated on the filament at 0.6 A to near dryness before being dried at 1 A and 
slowly heated to 1.8 A within 2 minutes. Then, the sample was heated to a dark red glow. After 
keeping the filament glowing for about 30 seconds the current was turned down and the filament 
was mounted onto the sample wheel. With the exception of the dissolution step, hydrothermal- and 
river water samples were treated as described above. 
III.3.5 TIMS measurements 
The use of a 87Sr-84Sr double spike enables us to determine natural Sr isotope fractionation after 
correction for mass-dependent fractionation during TIMS measurements. The details of the 87Sr-84Sr 
double spike production, measurement procedure and data reduction are discussed by (KRABBENHÖFT 
et al., 2009). The Sr isotope measurements were carried out at the IFM-GEOMAR mass spectrometer 
facility in Kiel and at the "Geowissenschaftliches Zentrum der Universität Göttingen", Germany, using 
TRITON mass spectrometers (ThermoFisher, Bremen, Germany). The TRITONs were operated in 
positive ionization mode with a 10 kV acceleration voltage. The instruments are equipped with nine 
moveable Faraday cups with 1011 Ω resistors that allow for simultaneous detection of all Sr masses. 
Mass 85 was measured in order to monitor and correct for interfering 87Rb assuming an 85Rb/87Rb 
ratio of 2.59. Data were acquired at a typical signal intensity of 10 V for mass 88 at an average 
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filament temperature of ~1450°C. For each sample 9 blocks with 14 cycles corresponding to 126 
single scans were measured. Before each block the baseline was recorded and the amplifier rotation 
was performed. 
The 87Sr-84Sr double spike technique required two separate analyses of each sample: one ic-analysis 
(ic=isotope composition; unspiked) and one id-analysis (id=isotope dilution; spiked) with well-known 
86Sr/84Sr-, 87Sr/84Sr- and 88Sr/84Sr-ratios of the double spike. The 86Sr/84Sr- and the 88Sr/84Sr-ratios are 
normalized to the mean of the first block of the 87Sr/84Sr isotope ratio using an exponential 
fractionation law in an off-line data processing routine. Following this procedure the average internal 
precision of single 86Sr/84Sr-ratio measurements is ~7 ppm (RSD), and ~9 ppm for single 88Sr/84Sr-ratio 
determinations in the ic-analyses. We measured ~11 ppm (RSD) for the 86Sr/84Sr-ratio and ~21 ppm 
for the 88Sr/84Sr-ratio in the id-analyses. Variations in 88Sr/86Sr are reported in the usual δ-notation: 
δ88/86Sr [‰]=(88Sr/86Srsample/
88Sr/86SrSRM987-1)*1000. We use the SRM987 standard with an 
internationally accepted 88Sr/86Sr value of 8.375209 (NIER, 1938) for normalization. Notations (e.g. 
87Sr/86SrNorm and 
87Sr/86Sr*) and additional information about mass-dependent fractionation are 
summarized in the Appendix. 
III.4 Results 
III.4.1 Sr isotope composition of the marine input 
III.4.1.1 Sr isotope composition of the riverine discharge to the ocean 
The 87Sr/86SrNorm and 
87Sr/86Sr* values of rivers presented in tab.III.1 and fig.III.2 show variations from 
0.707321(8) to 0.727705(9) and from 0.707417(9) to 0.727798(6), respectively. The Sr flux-weighted 
mean river values for 87Sr/86SrNorm and 
87Sr/86Sr* are 0.7113(4) and 0.7114(8), respectively. The 
87Sr/86SrNorm value in particular is in good agreement with the 
87Sr/86Sr value published by (GAILLARDET 
et al., 1999) and is similar to the values of 0.7101 (GOLDSTEIN and JACOBSEN, 1987) and 0.7119 (PALMER 
and EDMOND, 1989).The good agreement between our more restricted dataset (18% of the river 
water flux) and earlier comprehensive analyses (47% of the river water flux) of exoreic rivers (e.g. 
(PALMER and EDMOND, 1989)) clearly indicates that our sample set is representative of global river 
runoff. 
The δ88/86Sr values vary between 0.243(6)‰ for the Lena river and 0.42(2)‰ for the Maipo river. The 
Sr flux-weighted mean (87Sr/86Sr*, δ88/86Sr) values are (0.7114(8), 0.315(8)‰). The good agreement of 
the 87Sr/86SrNorm values with the conventional 
87Sr/86Sr values (tab.III.1) clearly indicates that the 
double spike method can reproduce conventional radiogenic values in addition to yielding new 
information on the non-radiogenic Sr isotope composition of the samples. 
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III.4.1.2 Sr isotope composition of the hydrothermal discharge to the ocean 
Following the procedure of (AMINI et al., 2008) and assuming that pure hydrothermal solutions are 
free of Mg, we estimated the (87Sr/86Sr*, δ88/86Sr)HydEnd-values at (0.7045(5), 0.27(3)‰) by 
extrapolating the measured values to a Mg/Sr ratio of zero (tab.III.2, fig.III.2). The δ88/86SrHydEnd values 
are isotopically lighter than seawater. This is in good agreement with the reported radiogenic 
87Sr/86Sr- and δ88/86Sr-values of basalt of 0.70412(4) and 0.26(3)‰, respectively (OHNO et al., 2008). 
The latter observation indicates that the isotopic composition of hydrothermal fluids simply reflect 








































Sr)-values of hydrothermal fluid samples. Assuming that pure hydrothermal solutions are free 
of Mg (Mg/Sr=0), hydrothermal δ
88/86




Sr* (b) end members can be extrapolated (dotted line) from our data. 
Circles refer to Comfortless Cove (CC) and Turtle Pits (TP), whereas triangles refer to the Red Lion (RL) hydrothermal field at 
the mid-Atlantic Ridge. Broken lines mark the uncertainties associated with the extrapolated values in (a) and (b). 
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III.4.1.3 Sr composition of the combined riverine and hydrothermal input to the 
ocean 
The mean ocean input flux and its corresponding isotope compositions can be estimated from the 
measured and compiled values of the riverine discharge and of the hydrothermal input (tab.III.4; 
(87Sr/86Sr*, δ88/86Sr)Input: (~0.7106(8), ~0.310(8)‰). These composite values are afflicted with larger 
uncertainties that reflect the assumptions that are described in detail in tab.III.4. The compilation of 
flux data in tab.III.4 show that the present day Sr supply of ~56.109 mol/yr is mainly (~60%) controlled 
by Sr delivered by riverine discharge to the ocean and to a lesser extent by groundwater (~29%) and 
hydrothermal (~4%) inputs. Our total flux estimate is in good agreement with the global Sr flux of 
~50.109 mol/a that (BASU et al., 2001) estimated based on riverine and groundwater inputs alone. 
They did not include Sr from low temperature alteration of oceanic crust and diagenetic mobilization 
of Sr from marine sediments. Our estimate is higher than that of (STOLL and SCHRAG, 1998) and (STOLL 
et al., 1999)of ~40.109 mol/yr, because these authors did not take groundwater inputs into account. 
Addition of our estimate of the groundwater Sr flux (16.5.109 mol/yr) brings both estimates in close 
agreement. 
III.4.2 Isotope composition of the marine Sr output 
The primary sink for marine Sr is marine CaCO3 precipitation. The most simplistic approach to 
estimate mean global ocean (87Sr/86Sr*, δ88/86Sr)Carbonate values is to average (
87Sr/86Sr*, δ88/86Sr) values 
of the major calcifying species such as tropical corals, green algae (Halimeda), foraminifera and 
coccoliths (tab.III.3). This approach yields mean global (87Sr/86Sr*, δ88/86Sr)Carbonate values of 
(0.70924(3), 0.22(5)‰), (tab.III.3). 
A more refined approach for determining mean global ocean (87Sr/86Sr*, δ88/86Sr)Carbonate values is to 
also consider the individual Sr burial fluxes. These burial fluxes can be estimated from the species-
dependent CaCO3-burial rates (tab.III.3) and the respective species-dependent Sr/Ca ratios. The 
mean global (87Sr/86Sr*, δ88/86Sr)Carbonates values are determined by the Sr burial flux-weighted means 
of the major calcifying species and their respective (87Sr/86Sr*, δ88/86Sr) values. The main disadvantage 
of this approach is related to the fact that CaCO3 burial rates are uncertain by at least 50% (MILLIMAN 
and DROXLER, 1996). 
For corals we adopt the (87Sr/86Sr*, δ88/86Sr)-values of the JCp-1 coral standard (0.70923(1), 
0.19(1)‰). Aragonitic azooxanthellate coldwater corals of the species Lophelia pertusa that grow 
between 6 °C and 10 °C show slightly lower δ88/86Sr values of 0.06-0.18‰ (RÜGGEBERG et al., 2008). 
However, coldwater corals contribute only ~1 % to the global carbonate sediment budget (LINDBERG 
and MIENERT, 2005) and are therefore not included in the Sr isotope budget. In contrast, tropical coral 
reefs contribute ~31 % to the ocean´s Sr burial flux (tab.III.3). For tropical corals we did not take into 
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account any temperature sensitivity of the paired (87Sr/86Sr*, δ88/86Sr)-values, as the new double spike 
technique did not confirm the previously predicted temperature sensitivity of Sr isotope 
fractionation (FIETZKE and EISENHAUER, 2006). 
For this study paired (87Sr/86Sr*, δ88/86Sr)-values of aragonitic Halimeda specimen from Tahiti and the 
Mediterranean Sea yielded average values of 0.70926(3), 0.27(3)‰ (tab.III.3). Halimeda mounds 
contribute ~9% to the ocean´s Sr burial flux. 
Despite being calcitic, the (87Sr/86Sr*, δ88/86Sr)-values of ~0.70926(3), 0.26(7)‰ from cultured 
coccoliths are similar to those of the aragonitic species (tab.III.3). Coccoliths contribute ~6% to the 
global Sr burial flux. 
The two species G. ruber and G. sacculifer are taken to be representative of the Sr isotope 
composition of calcitic planktic foraminifera. They show identical (87Sr/86Sr*, δ88/86Sr)-values of 
(0.70920(2), 0.14(1)‰). Note that the paired (87Sr/86Sr*, δ88/86Sr)-values of these foraminifera are 
considerably lower than those of other species, pointing to a strong physiological control of the trace 
metal uptake by planktic foraminifera. Planktic foraminifera, like coccoliths, contribute ~5% to the 
ocean´s Sr burial flux. 
A significant part of the Sr flux is contributed by non-reef carbonate production on the continental 
shelf and slope (MILLIMAN and DROXLER, 1996). However, shelf carbonate contributions are rather 
uncertain due to the unknown partitioning between calcitic and aragonitic species and the lack of 
knowledge on CaCO3 production rates of different contributing taxa (tab.III.3). Based on the data 
compiled in tab.III.3 we approximate the mean (87Sr/86Sr*, δ88/86Sr)-ratios of shelf carbonates at 
~(0.70924(1), 0.22(3)‰). We assume that shelf and slope carbonates are two-thirds aragonitic with 
mean (87Sr/86Sr*, δ88/86Sr) values of reef corals and Halimeda (0.70925, 0.23‰), and one-third calcitic 
with mean (87Sr/86Sr*, δ88/86Sr) values of coccoliths and planktic foraminifera (0.70923, 0.20‰). 
Based on data summarized in tab.III.3 we estimate the Sr burial flux-weighted (87Sr/86Sr*, δ88/86Sr)-
ratios of the total marine carbonate production at (~0.70926(2), ~0.21(2)‰). The mean global 
(87Sr/86Sr*, δ88/86Sr)Carbonate values are therefore similar to the values of continental shelf and slope 
taxa. Furthermore, the flux-weighted average values are within statistical uncertainty identical to 
those estimated by just averaging the (87Sr/86Sr*, δ88/86Sr) values of the main calcifying species 
(0.70924(2), 0.22(2)‰; tab.III.3). The close agreement between the two approaches may indicate 
that the relative contributions of the various burial fluxes are well constrained despite considerable 
uncertainties in the absolute burial fluxes. Hence, we consider both approaches to be reasonable 
approximations of the true mean global (87Sr/86Sr*, δ88/86Sr)Carbonate values. 
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III.5 Discussion 
Compilations of the modern input and output data (tab.III.3 and 4) indicate that the Sr outputs 
(~174.109 mol/yr) are larger than Sr inputs (~56.109 mol/yr), and that the Sr isotope compositions of 
input and output fluxes are considerably different. Although the estimated difference between input 
and output values seems to be large, we cannot assign statistical significance because all estimates 
are afflicted with considerable uncertainties. In order to further examine and better constrain the 
observed trends, we compare the Sr isotope balance of Sr inputs, outputs and of [Sr]Seawater in a triple-
isotope-plot. This new approach in Sr isotope geochemistry critically depends on taking Sr isotope 
fractionation into account. 
III.5.1 Sr budget of the global ocean 
In fig.III.3 the global means of the (87Sr/86Sr*, δ88/86Sr)River- and (
87Sr/86Sr*, δ88/86Sr)HydroEnd-values define 
the two end-members of a binary mixing line between the two major sources of Sr in the modern 
ocean. The calculated combined (87Sr/86Sr*, δ88/86Sr)Input-values fall on this binary mixing line and plot 
relatively close to the Sr isotope composition of average river water, indicating that riverine input is 
the major Sr source to the present-day ocean (~60%). In contrast, the modern Sr isotope values of 
(87Sr/86Sr*, δ88/86Sr)Seawater and (
87Sr/86Sr*, δ88/86Sr)Carbonates form a mass-dependent isotope 
fractionation line. Carbonates are isotopically lighter because they preferentially incorporate the 
lighter isotopes and leave seawater enriched in the heavy ones. 
The intercept of the binary mixing line and the fractionation line (87Sr/86Sr*, δ88/86Sr)Intercept (~0.70927, 
~0.30‰) defines the isotope composition of the combined Sr input into the ocean (fig.III.3). These 
values are significantly different (~0.0011(8), ~0.01(2)‰) from the calculated (87Sr/86Sr*, δ88/86Sr)Input-
values, and this difference reflects isotope disequilibrium. There is also a significant difference 
between the Sr isotopic composition of the (87Sr/86Sr*, δ88/86Sr)Input and the Sr output values 
represented by (87Sr/86Sr*, δ88/86Sr)Carbonates of (~0.0011(8), ~0.10(2)‰). This also indicates 
disequilibrium between inputs and outputs, because at isotope equilibrium (87Sr/86Sr*, δ88/86Sr)Input 
and (87Sr/86Sr*, δ88/86Sr)Carbonates (output)  should be identical (see Appendix).  
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fig.III.3: Triple isotope plot showing the flux-weighted average Sr isotope values of rivers, hydrothermal fluids, marine 
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Sr)Intercept defines the “weathering peak“. 
In a first approach taking only 87Sr/86Sr* values into account and leaving JHydEnd, JOCC and JDia (tab.III.4) 
unchanged we can calculate from our isotope data that the combined JRiver and JGW input (~49
.109 
mol/a) is about a factor of three too high to be in agreement with the 87Sr/86Sr* output values. This 
observation is in general accord with earlier statements using traditional 87Sr/86Sr ratios that the 
estimated modern riverine flux is relatively accurate within ~30% but is probably not representative 
of the past, particularly not for elements with residence times in excess of 105 years. In this regard, 
our observation that the modern (87Sr/86Sr*, δ88/86Sr)Input-value is higher than the (
87Sr/86Sr*, 
δ88/86Sr)Intercept–value is compatible with earlier statements based on traditional 
87Sr/86Sr values that 
modern continental weathering rates are 2 - 3 times higher than the long-term mean (VANCE et al., 
2009).  
This post glacial “weathering peak” (VANCE et al, 2009)  is likely caused by weathering of fine-grained 
material left exposed by the retreating continental ice masses (c.f. (BLUM, 1995), see discussion in 
chapter III.7). At equilibrium the complete marine Sr budget requires agreement in the 87Sr/86Sr* and 
δ88/86Sr values of input and output fluxes. Interestingly, this cannot simply be achieved by reducing 
individual input fluxes because - within statistical uncertainties - there is no Sr source with a 
corresponding δ88/86Sr value equal to or even lower than the modern δ88/86SrCarbonates value (see 
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the known Sr sources. At least one additional Sr source of sufficient size and with a δ88/86Sr value 
lower than the mean δ88/86SrCarbonates value is required to achieve equilibrium. The nature of this 
isotopically light, missing Sr source is discussed below. 
Isotope equilibrium can be disturbed by sufficiently large addition or removal of Sr relative to the size 
of the marine Sr reservoir, provided the isotope composition is significantly different from that of 
seawater (STOLL and SCHRAG, 1998). The duration of such a perturbation is a function of the residence 
time, ~2.4 Myr in the case of Sr. On time scales much longer than the Sr residence time slight 
imbalances between input and output fluxes can occur in quasi isotope equilibrium. It is thus very 
unlikely that the Sr fluxes and isotope compositions of hydrothermal sources are subject to a rapid 
change, as submarine hydrothermal circulation is controlled by processes in the Earth´s mantle 
characteristic time scales of 106-108 yrs, far in excess of the residence time of Sr in seawater. 
A change of the preferred carbonate polymorphism may also lead to changes in Sr concentration of 
seawater, because Sr/Ca ratios of aragonite are about an order of magnitude higher than those of 
calcite. Strontium isotope measurements of calcitic foraminifera (tab.III.3) confirm earlier conclusions 
based on Ca isotopes (FARKAŜ et al., 2007) that fractionation factors for aragonite and calcite differ. A 
change of the preferred carbonate polymorphism could therefore lead to changes in the isotopic 
composition of seawater. However, global changes of the preferred marine carbonate polymorphism 
occur on time scales much longer than the residence time of Sr in seawater (STANLEY and HARDIE, 
1998), leaving the system in quasi steady state. 
In contrast, continental weathering and related riverine inputs into the ocean may be subject of 
relatively rapid changes (10 to 100 kyr) when compared to the Sr residence time (~2.4 Myr). In 
addition, glacial/interglacial changes in sea level and the related dynamics of weathering of 
carbonates exposed on continental shelves may be responsible for substantial and short-term 
disequilibria between Sr inputs and outputs of the ocean, as proposed earlier by (STOLL and SCHRAG, 
1998). 
III.6 Sr isotope equilibrium in the ocean during the last glacial 
A ~120 m drop in glacial sea level (STOLL and SCHRAG, 1998) exposed continental shelves and provided 
an additional supply of elements from the continents to the ocean. In particular, alkaline earth 
elements such as Mg, Ca and Sr are mobilized from weathering of carbonate-dominated continental 
shelves in larger amounts during glacial periods (c.f. (STOLL et al., 1999)). Polymorphism exerts strong 
controls over Mg and Sr delivery, because calcite is Mg-rich compared to aragonite, whereas 
aragonite contains about 10 times more Sr than calcite (tab.III.3). During meteoric diagenesis 
aragonite will eventually recrystallize to calcite and release Sr to the sea. (STOLL and SCHRAG, 1998) 
and (STOLL et al., 1999) hypothesize that this additional flux caused Sr/Ca of glacial seawater to 
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increase. In contrast, sea level high-stand during interglacials flooded the shelves that then act as Sr 
sinks, causing seawater Sr/Ca values to decrease. These glacial/interglacial variations result in an 
oscillation of the marine Sr/Ca ratio of the order of ~±1% relative to the present day value (STOLL and 
SCHRAG, 1998). 
From the numerical integration of the (STOLL and SCHRAG, 1998) data we estimate, for the time 
interval from 10 to 20 kyr, the average annual Sr flux of ~150.109 mol/yr, approximately three times 
larger than the modern global mean Sr input (~56.109 mol/yr, tab.III.4). The Sr input during the last 
glacial maximum (~206.109 mol/yr) was therefore dominated by carbonate weathering on the 
continental shelves rather than by weathering of the continental interiors. Taking shelf carbonate 
weathering and the above data into account, we estimate glacial (87Sr/86Sr*, δ88/86Sr)Input-values of 
(~0.7091(8), ~0.24(2)‰). These values differ significantly from the present-day (87Sr/86Sr*, 
δ88/86Sr)Input-values of (0.7106(8), 0.310(8)‰). Most importantly, the estimated glacial (
87Sr/86Sr*, 
δ88/86Sr)Input-values are within uncertainty of the modern (
87Sr/86Sr*, δ88/86Sr)Carbonates-values of 
(0.70926(2), 0.21(2)‰), indicating isotope equilibrium rather than disequilibrium conditions during 
the last glacial maximum (fig.III.3) 
III.7 Sr budget disequilibrium during glacial/interglacial transitions 
The predicted marine Sr equilibrium was probably terminated at the end of the glacial period by the 
rapid ~120 m sea level rise between the glacial low-stand at ~20 kyr and the Holocene sea level 
maximum at ~6 kyr. This rise eliminated shelf carbonate weathering as the major source of Sr, 
leaving riverine, groundwater and hydrothermal inputs as the major, though drastically reduced, Sr 
fluxes to the modern ocean. Without shelf carbonate weathering, the new post-glacial mean Sr input 
value is expected to approach the intercept value defined by the binary mixing line and the mass-
dependent fractionation line (fig.III.3). However, the post-glacial (0.7106(8), 0.310(8)‰)Input-value is 
significantly more radiogenic in 87Sr/86Sr* and tend to be heavier in the δ88/86Sr value than the 
intercept values (~0.70927, ~0.30‰). This could indicate that riverine Sr inputs increased during 
glacial/interglacial transitions while continental shelf input decreased. Enhanced continental 
weathering may be caused by warmer post-glacial climate, higher atmospheric pCO2 and enhanced 
precipitation. The retreating continental glaciers have also exposed finely ground material that 
provided an extra supply (“weathering peak”, fig.III.3) of isotopically more radiogenic Sr to the ocean 
(c.f. (BLUM, 1995; VANCE et al., 2009)). This “weathering peak” has not yet disappeared, and the Sr 
isotope compositions of modern input and output values have not yet reached a new post-glacial 
equilibrium. 
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III.8 Conclusion 
During glacial periods weathering of continental shelf carbonates complemented inputs from rivers, 
groundwater and hydrothermal fluids as a fourth source of Sr to seawater. This fourth source 
dominated Sr fluxes to the ocean during glacial periods. The close agreement of the glacial Sr input 
values with modern carbonate output values is suggestive of isotope equilibrium during the last 
glacial maximum. A fundamental change in weathering regime during the glacial/interglacial 
transition perturbed the glacial Sr equilibrium towards the observed modern disequilibrium. The 
inferred change in weathering regime was facilitated by the rapid post-glacial sea level rise that 
flooded the continental shelves, terminated weathering fluxes from shelf carbonates and left 
riverine, groundwater and hydrothermal Sr fluxes as the major sources to the modern oceans. An 
additional shift towards heavier and more radiogenic Sr isotope composition may have occurred due 
to an additional flux of isotopically heavy and radiogenic Sr (“weathering peak”) from the fine-
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III.9 Tables 
Nr. River Sample date and location Water discharge [km
3








































90+ 33,33 3.00 0.711003(24) 0.711100(4) 0.710990(4) 0.31(1) 








3.6+++ 318,47 1.00 n.a. 0.707506(9) 0.707355(9) 0.42(2) 
10 Sacred Falls Punaluu, Hawaii n.a. n.a. n.a. 1.00 0.707323  (8) 0.707417(9) 0.707321(2) 0.27(3) 
11 Rhine 8/25/07 50.9481°N,6.9714°E 69.4+ 62,25 4.32 0.709377  (9) 0.708799(6) 0.708713(9) 0.24(1) 
12 Saint Lawrence 
05/18/08 
45.8586°N, 73.2397°W 




900++ 22,31 20.7 0.710587  (7) 0.71072  (2) 0.710587(7) 0.38(5) 
tab.III.1: Sr flux and isotope composition of selected rivers. Note: “n.a.”=data not available. Data marked with (+) are from (GAILLARDET et al., 1999), (++) (PALMER and EDMOND, 1989) and (+++) 











Sr* value renormalized to δ
88/86
Sr=0 (see Appendix). (****): The Sr concentrations have typical uncertainties of ~2%. The Sr flux-weighted global mean (87Sr/86Sr*, 
δ88/86Sr)River value of (0.7114(8), 0.315(8)‰) was calculated with equation A4 (Appendix). 
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42ROV-3 4°48´S, CC 2990 72 >400 303 0.707488(4) 0.361(6) 
42ROV-4 4°48´S, CC 2990 80 >400 236 0.706643(3) 0.346(5) 
42ROV-7 4°48´S, CC 2995 88 >400 144 0.706276(2) 0.324(5) 
35ROV-8 4°48´S, TP 2990 100 450 3 0.705066(3) 0.26(2) 
67ROV-4 4°48´S, RL 3045 80 366 177 0.705808(3) 0.29(1) 
67ROV-5 4°48´S, RL 3045 98 366 23 0.703857(1) 0.253(1) 
67ROV-6 4°48´S, RL 3045 81 366 164 0.705179(1) 0.294(3) 
tab.III.2: Mg/Sr and Sr isotope composition of hydrothermal fluids from MAR, 4°48’S. Note: TP=Turtle Pits, 
CC=Comfortless Cove; RL=Red Lion. The errors are 2 standard error of the mean (2σmean). 
 
























1. 2. 3. 4. 5. 6. 
Reef Corals (JCp-1 coral 
standard) 
~6.0  ( 20%) Aragonite ~9.0 ~54 (31%) 0.70923(1) 0.19(1)‰ 
Halimeda  ~1.5  (   5%) Aragonite ~11 ~16 ( 9%) 0.70926(3) 0.27(3)‰ 
Coccoliths ~5.0  ( 16%) Calcite 2.2 ~11 ( 6%) 0.70926(3) 0.26(7)‰ 
Planktic Foraminifera ~6.0  ( 20%) Calcite 1.4 ~8 ( 5%) 0.70920(2) 0.14(1)‰ 
Continental shelf and slope 
taxa (mussels, starfish, etc.) 
~13.0 ( 39%) 
Aragonite 
and calcite 
~6.6 ~85 (49%) 0.70924(1) 0.22(3)‰ 
Total Carbonates ~32.0 (100%) --- n.a. ~174(100%)   
Average     0.70924(2) 0.22(2)‰ 
Sr burial flux weighted 
average 
    0.70926(2) 0.21(2)‰ 
tab.III.3: Sr burial fluxes and isotopic composition. 




 mol/yr (MILLIMAN and DROXLER, 1996). 
Note that the deposition rates in column 1 are afflicted with large statistical uncertainties: reef corals, coccoliths, and 
planktic foraminfera have uncertainties on the order of ±50%, and continental shelf and slope taxa have uncertainties of 




 mol/yr based 
on estimates that ~85% of reef CaCO3 is derived solely from corals (HUBBARD et al., 1990). Mean Sr/Ca values are compiled 
from published data on Acropora, Diploria, Montastrea, Montipora, Pavona and Porites (COHEN and THORROLD, 2007; GALLUP 








Sr)-values are adopted from the long-term average value of the 
JCp-1 coral standard. 










values are measured on Halimeda 
specimens from Tahiti and the Mediterranean Sea. 
Coccoliths: CaCO3 burial rate is from (SCHIEBEL, 2002) and (BROECKER and CLARK, 2009). Mean Sr/Ca ratios are from (STOLL and 
SCHRAG, 2000). The δ
88/86
Sr value is the average of various measurements on laboratory-cultured Emiliania huxleyi and 
Coccolithus pelagicus. 









Sr)-values were determined on G. ruber and G. sacculifer, separated from core SO 164-03-4 from the 
central Caribbean Sea (16°32’37’’N, 72°12’31’’W, 2744 m). 
Continental shelf and slope taxa: CaCO3 sediments on the continental shelves and slopes are produced by a variety of taxa, 
including species mentioned above. For further discussion we assume shelf species to be two-thirds aragonitic (Sr/Ca ~9 
mmol/mol) and one-third calcitic (Sr/Ca ~1.8 mmol/mol), yielding a Sr/Ca ratio of ~6.6 mmol/mol. Note, that despite their 
importance to the total Sr burial flux, the contribution of the shelf taxa is afflicted a with large uncertainty (50 - > 100%). 
Column 4 is calculated from the values in columns 1 and 3. The values in brackets in columns 5 and 6 correspond to 2σmean 
that reflect only Sr isotope error propagation. Burial rate uncertainties are not included in the uncertainties in columns 5 
and 6. 























River discharge JRiver 0.7119(9)
1#
 0.7113(4) 0.7114(8) 0.315(8) ~33.3±10
1
 
Groundwater discharge JGW 0.7110
2














interaction on ridge flanks 




 n.a. n.a. n.a. ~0.8±0.4
3
 




 n.a. n.a. n.a. ~3.4±1.7
1
 
Sr Flux-weighted average JInput ~0.7109 n.a. ~0.7106(8) ~0.310(8) ~56.3±13 







Sr)-values are from this study. (1) (PALMER and EDMOND, 1989), (2) (BASU et al., 
2001), 50% uncertainty is arbitrarily assigned to this value, (3) (DAVIS et al., 2003), 50% uncertainty is 
arbitrarily assigned to this value. The major Sr inputs to the ocean are river discharge (JRW), groundwater 
discharge (JGW) and oceanic crust-seawater interaction (JOCH) at mid ocean ridges. All other Sr fluxes 
generated by low temperatures interactions on ridge flanks, (JOCC), Sr inputs from sedimentary pore waters 
and from recrystallizing sediments (JDIA) are arbitrarily assigned uncertainties of 50%. “n.a.”: not available. 
The Sr isotope composition of the input is calculated from the values above. For simplification and due to 













Sr)-values of JOCC and of JDIA are equal to JHydEnd. #: the statistical uncertainty was estimated 
from the half difference between the minimum estimate of the global mean value of 0.7101 (GOLDSTEIN and 
JACOBSEN, 1987) and the maximum estimate by (PALMER and EDMOND, 1989). °: Estimates of the hydrothermal 









(PALMER and EDMOND, 1989). However, the maximum value is estimated based on the assumption of Sr 
equilibrium, whereas the lower values are based on different independent approaches. Hence, for our 
discussion we adopted the most recent estimate of (DAVIS et al., 2003) as the best approximation of the 






Sr)Input values of (0.7106(8), 
0.310(8)‰) were calculated with equation A6 (Appendix). 
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III.11 Appendix 
III.11.1 Notation and terminology 
87Sr/86Sr 
This is the notation for the traditional radiogenic Sr isotope value. This ratio is 
measured by plasma or thermal ionization mass spectrometry and normalized to 
a 88Sr/86Sr ratio of 8.375209. 
87Sr/86Sr* 
This ratio refers to the 87Sr/86Sr ratio as measured and normalized to a 87Sr-84Sr 
double spike (see KRABBENHÖFT et al., 2009). This ratio was not normalized to a 
88Sr/86Sr ratio of 8.375209. 
δ88/86Sr 
This ratio refers to the 88Sr/86Sr ratio as measured and normalized to an 87Sr-84Sr 
double spike (see KRABBENHÖFT et al., 2009). The measured 88Sr/86Sr ratio is 
presented in the usual δ–notation in per mill (‰) deviation from the SRM987 
standard. Note that a 88Sr/86Sr ratio of 8.375209 corresponds to a δ88/86Sr-value of 
zero. 
87Sr/86SrNorm 
This ratio refers to the 87Sr/86Sr* ratio which is renormalized to a 88Sr/86Sr ratio of 
8.375209. The subscript “Norm” stands for normalization. The 87Sr/86SrNorm is 
equivalent to the traditional radiogenic 87Sr/86Sr ratio. However, in order to 
provide comparability and to emphasis the double-spike origin of the original 
value it is marked with the subscript “Norm”. 
 
III.11.2 Sr mass fractionation 
87Sr/86Sr* and 88Sr/86Sr are determined from a double spike measurement following the procedures 
previously described by (KRABBENHÖFT et al., 2009). The relationship between the traditional 
radiogenic 87Sr/86Sr ratio, 87Sr/86SrNorm and 
87Sr/86Sr* is defined by equation A1: 
A1:    
SrSr c
 SrSr ∗ = 
 Sr
Sr @








The (87Sr/86Sr)Nier value has been defined as 8.375209 (Nier, 1938), and corresponds to a δ88/86Sr=0 
relative to NIST SRM 987. The masses of the various Sr isotopes are: m86=85.909273 m87=86.908890, 
and m88=87.905625. For further details see (Krabbenhöft et al., 2009). 
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III.11.3 Error notation and propagation 
All statistical uncertainties represent 2 standard errors of the mean (2σMean). We present the 
statistical uncertainties for 87Sr/86Sr and δ88/86Sr in brackets. The values in the brackets refer to the 
last digit of the measured values. For example 87Sr/86Sr=0.711111(1) correspond to 
0.711111±0.000001 and δ88/86Sr=0.386(1) correspond to 0.386±0.001‰. 
III.11.4 Calculation of flux-weighted mean global river discharge to the ocean 
            SrSr @\ =
∑  SrSr @ ∙ Discharge river i@ ∑ JDischarge river iM@  
 
δ Sr/ @\ = ∑ δ Sr/ @ ∙ Discharge river i@ ∑ JDischarge river iM@  
III.11.5 Calculation of flux-weighted mean global input to the ocean 
      Sr87Sr86 Input =    
∑ 6 Sr87Sr86 :i ∙ Input ii ∑ JInput iMi  
 
δ Sr/ @\ = ∑ δ Sr/ @ ∙ Input i@ ∑ JInput iM@  
III.11.6 Isotope equilibrium 
Following the approach of (DE LA ROCHA and DEPAOLO, 2000) the condition of isotope equilibrium with 
respect to element input and output fluxes to the ocean can be mathematically described for the Sr 
isotope systems as follows. Note that the equations are given for δ88/86Sr, but are analogous for 
87Sr/86Sr*: 
6.1:   Na ∙ ∂δ Sra/ ∂t = JT| ∙ δ SrT|/ − δ Sra/  − J | ∙ ∆ | 
In a steady-state ocean where Sr input and output fluxes are equal (Jinput=Joutput) both the Sr isotope 
composition of seawater and the amount of Sr present in seawater are invariant 
(d[Sr]Seawater/dt=d(δ
88/86Sr(t))/dt=0). Equations A2 and A3 are reduced to A4: 6.2:   ∆ |= δ Sr£¤cT/ −  δ Sra/  
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IV.1 Abstract  
We measured δ88/86Sr-, δ18O- and Sr/Ca-ratios of a fossil (15 kyr B.P.) Porites sp. coral originating from 
Tahiti (French Polynesia). The elemental as well as the isotopic ratios of the coral show a 
corresponding seasonal variability. The average δ88/86Sr of the fossil Porites sp. coral shows a similar 
isotopic composition (δ88/86Srmean=0.205±0.017‰) like modern Porites sp. represented in this study 
by the coral standard JCp-1 (δ88/86SrJCp-1=0.194±0.009‰). In contrast to Sr/Ca elemental ratios the 
average δ88/86Sr is obviously not affected by glacial/interglacial variations of the Sr fluxes from 
exposed shelves during glacial times. Therefore stable Sr can serve as independent and unbiased 
parameter for reconstructing paleo-sea-surface-temperatures. Furthermore, the δ88/86Sr ratios of 
Acropora sp. samples cultured under controlled temperature conditions were measured and 
compared with Sr/Ca data published by (REYNAUD et al., 2007). These measurements revealed a 
nonlinear relationship between temperature and δ88/86Sr possibly reflecting processes involved in 
biomineralization.  
IV.2 Introduction 
In the last decades significant efforts have been made to identify robust proxies and archives for sea 
surface temperature (SST). Scleractinian warm water corals, in particular Porites spp., incorporate an 
array of geochemical tracers (e.g. Sr/Ca, Ba/Ca, δ18O, δ88/86Sr) recording changes in seawater 
chemistry and provide information about environmental conditions like SST of the past. Elemental 
ratios with known temperature dependency are B/Ca (FALLON et al., 1999; SINCLAIR et al., 2006), 
Mg/Ca (MITSUGUCHI et al., 1996), U/Ca and Sr/Ca (BECK et al., 1992; SMITH et al., 1979). The latter is 
one of the most promising temperature proxies in corals although it is influenced by several other 
environmental parameters superimposing the pure temperature signal. Often the measured trace 
element ratio is different from the thermodynamically expected value which is ascribed to the so 
called “vital effects” and may be distinctly different between species (WEBER and WOODHEAD, 1972).  
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Ideally, the Sr/Ca ratio in corals is believed to be controlled predominantly by two factors: (1) the 
Sr/Ca ratio of ambient seawater and (2) the Sr/Ca temperature dependency of the distribution 
coefficient between aragonite and seawater (BECK et al., 1992; SMITH et al., 1979). Not only elemental 
ratios can serve as proxies but also certain isotope ratios measured in the coral skeletons provide 
information about environmental conditions of the past and coral physiology. In this regard δ18O was 
the first isotope ratio used for SST reconstruction on corals (WEBER and WOODHEAD, 1972). More 
recent non-traditional stable isotope analysis on scleractinian corals like δ44/40Ca where performed by 
(BÖHM et al., 2006) in order to get insights in the mechanisms driving biological mediated 
calcification. Furthermore, (FIETZKE and EISENHAUER, 2006; RÜGGEBERG et al., 2008) introduced δ88/86Sr 
as potential paleo-temperature proxie. Latter new non-traditional isotope system may provide 
additional and independent constraints on past temperature variations and perhaps on coral 
physiology. 
In this regard we focus on the temperature sensitivity of stable Sr isotope fractionation in 
scleractinian corals during biologically mediated precipitation of calcium carbonate from seawater.  
IV.3 Materials 
IV.3.1 Cultured warm water coral (Acropora sp.) 
A single colony of the branching zooxanthellate scleractinian coral, Acropora sp. Originating from the 
Gulf of Aquaba was cultured in the aquarium of the “Centre Scientifique de Monaco, Monaco” 
(REYNAUD-VAGANAY et al., 1999). ‘‘Nubbins’’ defined as small living coral samples were obtained by 
cutting terminal portions of branches from the single parent colony and were then glued on glass 
slides. This technique, first described by (REYNAUD-VAGANAY et al., 1999), offers several advantages 
like small sample sizes (~1 cm) which makes their manipulation easier and a large number of 
replicates are available. Experiments can be of relatively short duration due to the rapid horizontal 
growth on the glass slide. Linear growth varied between 0.04 and 0.13 mm/d and was highest at 27°C 
(REYNAUD-VAGANAY et al., 1999). Individuals growing at same temperature show no deviation in their 
linear growth rate. The coral nubbins were distributed in 5 tanks (30 L) heated to 21, 23, 25, 27 and 
29 °C and fed once a week with Artemia salina nauplii during the course of the experiment. The 
water temperature of the initial cultured colony was 25°C. From each of the five different 
temperature experiments two samples were selected for Sr isotope analysis. The tanks were 
continuously supplied with Mediterranean seawater (salinity=38.5), heated using a temperature 
controller (EW, PC 902/T) and continuously mixed with a Rena-pump (6 lmin-1). The renewal rate was 
approximately five times per day. With that, the corals used less than 1% of the Sr in the tanks for 
calcification. The alteration of the Sr isotopic composition of the solution in the tanks by calcification 
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can therefore considered to be negligible. Light was provided by metal halide lamps (Phillips HPIT, 
400 W) on a 12:12 h photoperiod, and kept constant (400 mol γ/m2∙s) during the course of the 
experiment. Temperature (accuracy: ±0.05 °C) was logged at 10 min intervals using a Seamon 
temperature recorder. Salinity and irradiance were measured using a conductivity meter (Meter 
LF196), and a 4p quantum sensor (Li-Cor, LI-193SA), respectively. The whole culturing experiment is 
described in detail in (REYNAUD-VAGANAY et al., 1999).  
IV.3.2 Fossil warm water coral (Porites sp.) 
Annually-banded corals of the genus Porites sp. growing in the warm surface waters of the tropical to 
subtropical Indo-Pacific provide a sub-seasonally resolved archive of past environmental variability 
(ABRAM et al., 2008; COBB et al., 2003; COLE et al., 1993b; FELIS et al., 2004; FELIS et al., 2009). These 
warm water corals do not grow in regions where SST during the winter season is significantly below 
the lower limit of 18 °C for coral reef development (WELLS, 1957).  
The fossil Porites sp. coral examined in this study was recovered off the coast of the island of Tahiti 
(French Polynesia) in the central tropical South Pacific in the frame of the Integrated Ocean Drilling 
Program (IODP) Expedition 310 at a depth of 113 m below present sea level (Hole M0024A; 149° 
24.2358’ W, 17° 29.2918’ S, see fig.IV.1), using the mission-specific platform “DP Hunter” (CAMOIN et 
al., 2005). This massive Porites coral (310-M0024A-11R-2W 1-62) is discussed in detail in (FELIS et al., 
2010). Briefly, radiography revealed skeletal density banding and a continuous upward growth 
corresponding to a growth rate of ~2.0 cm/a. Thorough screening for diagenesis indicated that the 
aragonitic coral skeleton was well-preserved. Uranium-thorium-series dating indicated an age of the 
coral of about 15 kyr B.P. (FELIS et al., 2010). The monthly resolved records of Sr/Ca and δ18O 
generated from the coral show more than 20 clear annual cycles. For our study one representative 
annual cycle was selected for δ88/86Sr analyses. We took a ~1 mg split of the sample powder that was 
used for Sr/Ca and δ18O analyses as described in (FELIS et al., 2010). The powder was sampled with 
sub-monthly resolution resulting in 27 CaCO3 samples covering a time interval of one year around 15 
kyr B.P.. 
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fig.IV.1: Sampling location of fossil warm-water coral Porites sp. investigated in this study. 
IV.4 Methods 
IV.4.1 Sampling, chemical preparation and measurements 
Twenty-seven Porites sp. coral samples, covering one year of growth (15 kyr B.P.), were obtained by 
continuous spot-sampling using a 0.7 mm diameter drill bit following well established methods (FELIS 
et al., 2004; FELIS et al., 2009). Acropora sp. samples were not drilled but just broken into small pieces 
for further processing. 
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IV.4.2 Stable strontium (δ88/86Sr) measurements 
Chemical sample preparation for δ88/86Sr measurements follows earlier published protocols (e.g. 
KRABBENHÖFT et al., 2009) and is not repeated here. The major difference between earlier δ88/86Sr 
measurements (FIETZKE and EISENHAUER, 2006; RÜGGEBERG et al., 2008) applying the standard-
bracketing technique using MC-ICP-MS is that we applied the more precise and accurate Sr double 
spike technique on a TIMS rather on a MC-ICP-MS as in earlier attempts (FIETZKE and EISENHAUER, 
2006; RÜGGEBERG et al., 2008).  
IV.4.3 Sr/Ca and δ18O measurements 
Measurements of Sr/Ca in Acropora sp. were carried out by (REYNAUD et al., 2007) and are described 
in detail therein. Sr/Ca and δ18O analyses are described in detail in (FELIS et al., 2010). 
IV.5 Results  
The results of all Sr isotope measurements are tab.IV.1 and tab.IV.2. All errors are given as 2 standard 
error of the mean (2SEM) for repeated analyses of the same sample. The long term variability in the 
δ88/86Sr of the JCp-1 carbonate standard is 0.025‰ (2SEM) with an external reproducibility of 
±0.025‰ (2SD).  
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IV.5.1 Temperature-δ88/86Sr relationships of Acropora sp. 
In order to verify the individual variability in Acropora sp. we sub-sampled parts of the coral as shown 
schematically in fig.IV.2. We focused on analysis of the middle part and the calyx, respectively.  
 
fig.IV.2: Sketch of cultured Acropora sp. coral. For the intra-individual heterogeneity test we analyzed the middle part 
and the calyx separately. Acropora sp. shows no evidence for a heterogenous δ
88/86
Sr distribution in different parts of the 
coral skeleton. 
The whole heterogeneity test procedure was conducted twice on raw substrate aliquots of one 
individual; by two completely independent lab runs including sub-sampling, cleaning, column 
chemistry, TIMS measurement and data reduction. The mean value of the stable Sr isotopic 
composition for the middle part is δ88/86Sr=0.201(13)‰. The analysis of the calyx result in similar 
values δ88/86Sr=0.201(6)‰, indicating that the δ88/86Sr signal is not varying within a single sample of 
Acropora sp.. The stable Sr isotopic composition of temperature controlled (21, 23, 25, 27 and 29°C) 
cultured warm water coral Acropora sp. (REYNAUD et al., 2004) were analyzed. Except for the 27°C 
sample we determined the δ88/86Sr of all samples twice (in separate sessions) with at least four 
separate analyses in each run.  
The results of the first measurement session were well reproduced in the second run of the samples. 
We found a mean Sr isotopic composition of δ88/86Sr=0.207(3)‰ at a growth temperature of 21°C. 
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Increasing the water temperature to 25°C results in an increasing fractionation and an isotopic 
composition of δ88/86Sr=0.186(8)‰. A further temperature increase to 29°C results in an isotopic 
composition of δ88/86Sr=0.200(7)‰ which corresponds to the isotope ratio of aragonite Acropora sp. 
precipitated at 21°C. The observed Temperature-δ88/86Sr relationship is not compatible to the earlier 
observations of (FIETZKE and EISENHAUER, 2006) who presented a positive relationship between 
temperature and δ88/86Sr.  
In contrast our data represent an inverse correlation between temperature and δ88/86Sr for the 
temperature range between 21 and 25°C (δ88/86Sr[‰]=-0.01.T[°C]+0.32), fig.IV.3) or even a non-linear 
relationship (δ88/86Sr[‰]=-0.001.(T[°C])2-0.040.T[°C]+0.7).32) for the entire temperature range 
investigated. In contrast Sr/Ca ratios of the same coral (REYNAUD et al., 2007) show an inverse but 
expected dependency on temperature (fig.IV.3, δ88/86Sr[‰]=-0.047.T[°C]+10.49).  
 
 
fig.IV.3: Stable Sr (open cyrcles) of Acropora sp. plotted against water temperature. Error bars represent 2SEM of 
measurements of different samples growing at the same temperature. Stable Sr δ
88/86
Sr shows an inverse correlation 
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IV.5.2 Temperature-δ88/86Sr relationships of a fossil Porites sp. (Tahiti) 
In fig.IV.4 the δ88/86Sr values of 27 samples corresponding to one year and a monthly resolution of a 
fossil Tahiti coral Porites sp. are displayed. The Sr isotope composition varies between 
δ88/86Sr=0.171(17)‰ and δ88/86Sr=0.240(22)‰. The data show a clear seasonal periodicity throughout 
the entire record. 
 
fig.IV.4: Stable Sr (open cyrcles) and Sr/Ca values (diamonds) of Acropora sp. plotted against water temperature. Error 
bars represent 2SEM of measurements of different samples growing at the same temperature. Stable Sr values show an 




fig.IV.5: Stable Sr data of Porites sp. samples from Tahiti. Black circles represent the measured δ
88/86
Sr values of Porites 
sp. samples. The 3-point running mean of our data is represented by the solid black line. 
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In fig.IV.5 the three point running mean of the δ88/86Sr-record is shown together with the 
corresponding Sr/Ca and δ18O record. All three records show a clear periodicity with two relative 
maxima and one minimum. Although absolute temperatures cannot retrieved from the Sr/Ca- and 
δ18O-record it is well known that relatively low values in the Sr/Ca and δ18O record indicate warmer 
precipitation temperatures whereas relative higher values indicate lower temperatures. In this 
regard the Sr/Ca and δ18O record provide consistent results indicating that the data minima in the 
core section between 19 and 20 cm correspond to warmer water temperatures whereas the two 
data maxima in between 18 to 19 and around 20.5 cm reflect cooler water conditions.  
In contrast, based on the observations of (FIETZKE and EISENHAUER, 2006) the δ88/86Sr-data minima then 
correspond to relative cooler water temperatures when compared to the data maxima then 
reflecting warmer precipitation conditions. However, the application of the (FIETZKE and EISENHAUER, 
2006) temperature-δ88/86Sr calibration is then in contradiction to the findings from the Sr/Ca- and 
δ18O records. The three records can only be reconciled assuming that the temperature-δ88/86Sr 
relationship for Porites is inversely rather than positively correlated to temperature like in Pavona 
clavus. Latter inference indicates a strong species dependency of the temperature-δ88/86Sr 
relationship and will be discussed in more detail in the section below. 
 
  





fig.IV.6: Comparison between downcore Sr/Ca (FELIS et al., 2010) elemental ratios, δ
18
O (FELIS et al., 2010) and δ
88/86
Sr 
values of Porites sp. samples from Tahiti. The element ratio as well as the isotopic values show the same pattern. Stable 
Sr data represent a three point running mean of the original dataset and are fitted by a polynom (black line). Relative 
standard deviation of the Sr/Ca determinations (Porites sp.) was better than 0.2%, which is equivalent to 0.036 
mmol/mol (2SD) (FELIS et al., 2010). The analytical error for δ
18
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IV.6 Discussion 
IV.6.1 Temperature dependence of δ88/86Sr in Acropora sp. 
We measured the δ88/86Sr of five temperature controlled cultured Acropora sp. which cover a range 
of 8°C from 21°C to 29°C (fig.IV.3). The δ88/86Sr signal drops in the temperature range from 21 to 25°C 
(-0.005‰/°C, r2=0.92). Between 25°C and 29°C we observe an increasing δ88/86Sr with a slope of 
0.003‰/°C (r2=0.53). Compared to the findings of (FIETZKE and EISENHAUER, 2006) we found a much 
shallower slope in the temperature range they investigated on the warm water species Pavona 
Clavus. Additionally, our data show an inverse correlation between temperature and δ88/86Sr. Taking 
the entire temperature range from 21 to 29°C investigated on Acropora sp. into account a parabolic 
function represents the best fit for our actual data set (δ88/86Sr=0.001 ∙ T2 -0.056 T+0.895, r2=0.81) 
showing a minimum at approximately ~25°C.  
For Acropora sp. the δ88/86Sr minimum (fig.IV.3) could be somehow linked to the culturing 
temperature of the parent colony which was reported to be also ~25°C (REYNAUD et al., 2004). 
Moreover the mean water temperature of the habitat Acropora sp. was sampled from (Gulf of 
Aqaba) has a mean annual temperature of 25°C. Perhaps the coral physiology is somehow adapted to 
this environmental condition and the coral is sensible to abrupt temperature variations reflected by 
changes in the isotopic composition of the coral skeleton. This was also observed by (MARSHALL and 
CLODE, 2004) who investigated the temperature dependency of calcification rates of Dendrophyllia 
sp. and Galaxea fascicularis. They highlighted a similar temperature dependence of zooxanthellate 
and azooxanthellate corals and suggested that temperature affects some fundamental processes of 
biological calcification.  
Furthermore their data show a maximum calcification rate at 25°C which corresponds to the 
temperature where we observe maximal Sr isotope fractionation (fig.IV.3). This apparent coincidence 
implies that calcification rate may be another factor driving δ88/86Sr in scleractinian corals.  
IV.6.2 Tahiti record IODP Expedition 310 (fossil Porites sp.) 
The stable Sr data derived from fossil Porites sp. covering a period of one year ~15 kyr BP show a 
clear seasonal periodicity throughout the entire record (fig.IV.4). This periodicity has also been 
observed by (FELIS et al., 2010) who investigated Sr/Ca elemental ratios and δ18O on the same 
samples. The δ88/86Sr shows a significant correlation with Sr/Ca values (r2=0.51, p=0.00003) and a 
weaker but still significant correlation with δ18O (r2=0.19, p=0.024). The Sr/Ca elemental ratio as well 
as the isotopic ratio δ18O are known to be temperate dependent although their use as temperature 
proxies is limited due to other environmental parameters superimposing the original signals. Beside 
temperature, δ18O depends on global ice-volume and salinity. Whereas Sr/Ca of coral skeletons is 
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biased by secondary effects like growth rate, photosynthetic activity of symbionts,  the influence of 
secondary aragonite and other effects. Temperatures reconstructed on the basis of Sr/Ca 
measurements (T(Sr/Ca)) on fossil tropical corals suggest a significant cooling of 5°C to 6°C prior 10 
kyr B.P. (MCCULLOCH et al., 1999).  
These estimates are significantly larger compared to temperatures derived from foraminiferal Mg/Ca 
showing a temperature drop 2°C to 3°C (LEA et al., 2000). This discrepancy can be reconciled by an 
additional Sr flux originating from exposed shelves during glacial sea level drops (KRABBENHÖFT et al., 
2010; STOLL and SCHRAG, 1998). Such an extra supply of Sr to the sea as discussed in detail by (STOLL 
AND SCHRAG, 1998) accounts for an elevation of (Sr/Ca)Seawater by about 1 to 2%. Other authors suggest 
even higher changes in seawater Sr/Ca of about 3% (SHEN et al., 2001). According to (KRABBENHÖFT et 
al., 2010) the Sr isotopic composition of input and output and their fluxes during glacials is similar 
within uncertainty. Hence, seawater δ88/86Sr is not supposed to change during this time periods 
whereas the Sr input flux is elevated by a factor of 3 (STOLL and SCHRAG, 1998) resulting in an 
elevation of Sr/Ca seawater by 1-2%. Stable Sr measurements of this study show a similar mean 
δ88/86Sr value of fossil Porites sp. (0.205(17)‰) from Tahiti and recent coral aragonite represented by 
the JCp-1 coral (Porites, 0.194(9)‰) standard.  
Thus, any temperature reconstruction on these timescales based on stable Sr isotopes (Tδ88/86Sr) are 
not affected by changes in seawater Sr/Ca. Calculating the absolute temperatures from Sr/Ca ratios 
after Correge et al. (2006) results in a average temperature of 21.5°C with an amplitude of ~3.3°C 
within one year. This is far below the recent average seawater temperature (27°C, (LOCARNINI et al., 
2006)) of the location Porites sp. was sampled and also to cold for post glacial conditions (LEA et al., 
2000). Correcting the actually measured Sr/Ca (FELIS et al., 2010) values by taking a shift of 2% in 
seawater Sr/Ca into account, results in a absolute mean temperature of 24.5°C. Temperatures 
calculated from the Acropora sp. δ88/86Sr-temperature calibration result in similar temperatures 
compared to the corrected Sr/Ca based calculation. However, the annual variability of Tδ88/86Sr is 
twice as large as TSr/Ca variations throughout the record.  
IV.7 Conclusion 
The simple linear temperature dependency for Acropora sp. found by (FIETZKE and EISENHAUER, 2006; 
RÜGGEBERG et al., 2008) could not be confirmed in this study. Fossil Porites sp. samples (15 kyr B.P.) 
from Tahiti show annual variability in δ88/86Sr with a cyclic variability similar to the one of Sr/Ca and 
δ18O, respectively. Based on our preliminary δ88/86Sr-temperature calibration temperatures calculated 
from our δ88/86Sr gives absolute values in between 18.7°C to 24.9°C for a fossil coral record off Tahiti 
representing glacial SST fluctuations 15 kyrs ago but with an seasonal amplitude larger than the 
corresponding one of TSr/Ca. In contrast to Sr/Ca elemental ratios we do not observe any shifts in 
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δ88/86Sr of seawater during the LGM. In near future a temperature calibration of δ88/86Sr on a recent 
Porites sp. coral has to be performed in order to exclude problems originating from different 
physiologies of different coral species.   
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18-ic 23 0.201 0.003 4 0.709279 0.000003 
5-ic 21 0.208 0.005 6 0.709238 0.000002 
34-ic 25 0.188 0.006 6 0.709231 0.000004 
50-ic 29 0.206 0.010 6 0.709307 0.000004 
17-ic 23 0.198 0.003 4 0.709337 0.000003 
44-ic 27 0.201 0.010 4 0.709284 0.000007 
2-ic 21 0.205 0.001 6 0.709243 0.000001 
31-ic 25 0.183 0.009 6 0.709221 0.000004 
49-ic 29 0.193 0.005 6 0.709229 0.000002 
tab.IV.1: δ
88/86
Sr data (Acropora sp.). The data are chronologically ordered corresponding to their measurement session. 
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Lab code profile depth [cm] δ88/86Sr [‰] 2SEM n 
645-08_1 18.7 0.193 0.006 4 
645-08_2  0.161 0.014 4 
646-08 18.775 0.187 0.019 6 
647-08_1 18.85 0.208 0.006 6 
647-08_2  0.219 0.010 1 
648-08 18.925 0.215 0.005 6 
649-08 19 0.215 0.060 6 
650-08 19.075 0.196 0.009 4 
651-08 19.125 0.207 0.009 4 
653-08_1 19.275 0.213 0.014 4 
653-08_2  0.199 0.006 2 
654-08 19.35 0.216 0.002 4 
655-08 19.425 0.216 0.021 4 
656-08 19.5 0.210 0.002 4 
657-08_1 19.575 0.212 0.003 6 
657-08_2  0.220 0.015 6 
658-08_1 19.65 0.203 0.003 6 
658-08_2  0.208 0.005 4 
659-08_1 19.7 0.204 0.011 4 
659-08_2  0.205 0.016 6 
659-08_3  0.190 0.005 6 
660-08_1 19.775 0.205 0.007 6 
660-08_2  0.187 0.003 4 
661-08_1 19.85 0.191 0.015 4 
661-08_2  0.200 0.003 6 
662-08 19.9 0.171 0.001 4 
663-08 20 0.204 0.008 4 
664-08 20.05 0.199 0.016 4 
666-08 20.225 0.191 0.008 6 
667-08_1 20.3 0.215 0.019 6 
667-08_2  0.199 0.007 4 
668-08_1 20.375 0.217 0.005 4 
668-08_2  0.204 0.007 6 
669-08_1 20.425 0.239 0.041 6 
669-08_2  0.197 0.004 3 
671-08 20.575 0.203 0.004 4 
672-08 20.65 0.240 0.046 6 
673-08_1 20.725 0.205 0.010 1 
673-08_2  0.199 0.004 4 
674-08 20.825 0.198 0.006 8 
tab.IV.2: δ
88/86
Sr data (fossil Porites sp.) 
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V. Summary and outlook 
The impetus of this thesis was the pioneering work of (FIETZKE and EISENHAUER, 2006) who 
investigated natural Sr isotope fractionation by applying the bracketing standard technique on MC-
ICP-MS. They reported a significant temperature dependence of Sr isotope fractionation during 
biologically and inorganically precipitation of CaCO3. The bracketing standard technique adequately 
corrects for instrumental drift and mass fractionation but is not accounting for Sr isotope 
fractionation that occurs during chemical sample preparation prior mass spectrometric 
measurement. In order to improve the measurement precision and to overcome the problems of 
isotope fractionation during chemical sample treatment we developed a Sr double spike method for 
TIMS. The measurement precision was improved by a factor of at least two when compared to the 
bracketing standard technique. The whole procedure of the double spike calibration and method 
development was discussed in chapter II of this thesis. 
The new method of Sr isotope measurements enables the simultaneous determination of the 
radiogenic 87Sr/86Sr and the stable 88Sr/86Sr ratio which allows a new view on the oceans Sr budget by 
divulging differences in the isotopic composition of marine carbonates and seawater were they have 
been precipitated from. Furthermore, the new δ88/86Sr - as an addition to the well established 
radiogenic Sr system - allows quantitative assertions about the Sr flux of the major sink of the ocean 
and reveals changes in continental weathering on glacial/interglacial time scales. The recent isotopic 
disequilibrium of the ocean is visualized in a three-isotope-plot (fig.III.3) where δ88/86Sr is plotted 
against the radiogenic Sr isotope ratio 87Sr/86Sr. This reveals glacial/interglacial variations in 
continental weathering and the oceans Sr budget and gains the understanding of the global Sr cycle. 
The application of δ88/86Sr to constrain the oceans Sr budget was the issue of chapter III of this thesis. 
In continuative studies also minor Sr sources like e.g. cold seeps have to be taken into account when 
constraining the oceans Sr budget. Furthermore, stable Sr database of the river- and hydrothermal 
discharge has to be expanded in order to get more reliable δ88/86Sr values of the Sr input to the 
ocean.  
Chapter IV was dedicated to the investigation of stable Sr isotope fractionation in scleractinian corals. 
We analyzed cultured and temperature controlled warm water corals (Acropora sp.) which revealed a 
nonlinear behavior of δ88/86Sr with changing habitat temperature. This indicates that temperature 
might not be the only factor controlling δ88/86Sr variations in biogenic marine carbonates. The 
mechanisms driving the Sr isotope fractionation in corals are yet not clearly identified and have to be 
investigated in more detail in future projects. Skeletal growth rate is a promising candidate for being 
another parameter influencing the δ88/86Sr in corals like it was shown for Ca isotope fractionation in 
precipitation experiments e.g. (TANG et al., 2008). Moreover, we analyzed the Sr isotopic composition 
of 27 samples a fossil Porites sp. coral covering one annual cycle of CaCO3 precipitation 15 kyr B.P.. 
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The δ88/86Sr values showed a clear periodicity which is similar to the characteristics of δ18O and Sr/Ca 
ratios in the same samples. The similarity of δ88/86Sr values derived from  recent (δ88/86SrJCp-
1=0.194(9)) and fossil (δ
88/86Srfossil=0.205(7)) Porites sp. samples leads to the suggestion, that seawater 
δ88/86Sr is not affected by changes in seawater Sr/Ca ratio on these timescales which makes δ88/86Sr 
useful as an independent parameter that mirrors changes in SST. Although the temperature effect on 
Sr isotope fractionation is very small stable Sr could evolve into a new proxy for paleo-climate 
reconstructions. In the frame of this work it was not possible to make a temperature calibration on 
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VI. Appendix 
VI.1 Conference Abstracts 
VI.1.1 AGU Fall Meeting 2008 
Design and Application of a 84Sr/87Sr-Double Spike to Determine 
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In order to precisely determine 88Sr/86Sr and 87Sr/86Sr-isotope variations in natural samples using 
TIMS-technique we developed a mixed 87Sr/84Sr-double spike from two solutions enriched in 84Sr and 
87Sr, respectively. After mixing the two solutions the Sr-spike ratios have precisely been determined 
by calibration to the NBS 987 standard. For the determination of natural 88Sr/86Sr- and 87Sr/86Sr-
isotope variations in carbonates and silicates two TIMS measurements are required: an unspiked and 
a spiked run where the Sr-isotope ratios are arbitrarily normalized to a fixed Sr isotope ratio (e.g. 
mean of the first block). For denormalization and data reduction we adopted the algorithm for Ca 
isotope measurements (Heuser et al., 2002) presented earlier by Heuser et al. modified for Sr-
isotope measurements. It was found that best results can be achieved if the 84Srspike/
84Srsample ratio is 
higher than about 12. The algorithm allows the simultaneous calculation of 87Sr/86Sr and 88Sr/86Sr 
ratios. Standard measurements showed a δ88/86Sr-value (δ88/86Sr=((88Sr/86Sr)Sample/(88Sr/86Sr)NBS 
987)-1)*1000) of 0.39 for the IAPSO seawater standard corresponding to an external reproducibility 
of±0.02 (n=12). The IAPSO δ88/86Sr-value corresponds to a 87Sr/86Sr-ratio of 0.709285(6). Both values 
are in accordance with earlier publications (Fietzke and Eisenhauer, 2006) and theoretical predictions 
based on the δ88/86Sr ratio of seawater and assuming mass-dependent isotope fractionation. 
Preliminary application of the Sr- double spike to carbonate samples of the Phanerocoic indicate 
unexpected δ88/86Sr variations in the order of about 0.2 to 0.3‰ which indicate varying supply of Sr 
from isotopically distinctively different sources. Furthermore a direct comparison of double spike 
TIMS, bracketing standard and laser-ablation MC-ICP-MS (Fietzke et al., 2008) results are in 
agreement and can be used to discuss limitation and perspectives of future Sr isotope 
measurements.  





fractionation via bracketing standard MC-ICP-MS. Geochemistry Geophysics Geosystems 7, Q08009, 
doi:10.1029/2006GC001243. 
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applied to stable and Radiogenic strontium isotopes in carbonates. Journal of Analytical Atomic Spectrometry 23, 
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(δ
44/40
Ca) using a multicollector TIMS technique. International Journal of Mass Spectrometry 220, 385-397. 
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VI.1.2 AGU Fall Meeting 2009 
The Marine Strontium Budget Derived from Paired (87Sr/86Sr*-
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With the normalization to a fixed 88Sr/86Sr=8.375209 ratio to correct for mass dependent 
fractionation during TIMS measurement any natural Strontium (Sr) isotopic fractionation in 88Sr/86Sr 
is ignored and important additional information are lost. A first study performed with a MC-ICP-MS 
(FIETZKE and EISENHAUER, 2006) showed significant fractionation between the IAPSO seawater 
standard and the SRM987 carbonate standard in the δ88/86Sr value. However, with the application of 
the Sr double spike TIMS technique (KRABBENHÖFT et al., 2009) we are now entering a new dimension 
in Sr isotope geochemistry by the simultaneous measurement of paired 87Sr/86Sr*-δ88/86Sr values of 
geological samples. The most important advantage of using paired 87Sr/86Sr*-δ88/86Sr values is that 
now a complete balance of the oceans Sr budget can be calculated including Sr input and output 
values.  In order to provide a Sr isotope balance for the global ocean we collected paired 87Sr/86Sr*-
δ88/86Sr values of a set of river waters samples, hydrothermal fluids, major marine carbonate 
producers and seawater. In a 3-isotope-plot the IAPSO seawater standard and the paired 87Sr/86Sr*-
δ88/86Sr values of marine carbonates are connected by a fractionation line, whereas the paired 
87Sr/86Sr*-δ88/86Sr values of river waters and hydrothermal fluids are connected by a binary mixing 
line. The intercept of these lines provides the isotopic composition of the marine input 
(87Sr/86Sr*=0.709314(9)-δ88/86Sr=0.284(24)). The major Sr output corresponds to the Sr incorporated 
by the major marine calcifiers (87Sr/86Sr*=0.709312(9)-δ88/86Sr=0.240).  
The offset indicates that modern ocean is apparently not in steady state with respect to Sr. 
Weathering of young carbonates on the shelves during sea level low stands can shift the δ88/86Sr of 
rivers from its recent value of 0.300(24) to 0.23‰ to equilibrate in- and output. 
 
Fietzke, J. and Eisenhauer, A., 2006. Determination of temperature-dependent stable strontium 
isotope (88Sr/86Sr) fractionation via bracketing standard MC-ICP-MS. Geochemistry 
Geophysics Geosystems 7. 
Krabbenhöft, A., Fietzke, J., Eisenhauer, A., Liebetrau, V., Böhm, F., and Vollstaedt, H., 2009. 
Determination of radiogenic and stable strontium isotope ratios (87Sr/86Sr/δ88/86Sr) by thermal 
ionization mass spectrometry applying an 87Sr/84Sr double spike. Journal of Analytical Atomic 
Spectrometry 24, 1267-1271. 
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VI.1.3 Goldschmidt Conference 2009 
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The degree of natural 88Sr/86Sr- and 87Sr/86Sr*-isotope fractionation in geological samples using TIMS 
can be determined with a mixed 87Sr-84Sr double spike. This allows to correct the 88Sr/86Sr- and 
87Sr/86Sr*-isotope-ratios for mass dependent fractionation. Measurements of the seawater standard 
IAPSO (δ88/86Sr=0.386(5), 87Sr/86Sr=0.709312(9) 2σmean, n=10) and the JCp-1coral standard 
(δ88/86Sr=0.197(8), 87Sr/86Sr=0.709237(2)) are in accordance with earlier publications (FIETZKE and 
EISENHAUER, 2006; OHNO and HIRATA, 2007). A further advantage of this technique is that the Sr 
isotope ratios can be determined with higher precision than with the classical technique normalizing 
87Sr/86Sr values to a fix 88Sr/86Sr ratio of 8.375209 (δ88/86Sr=0). The new possibility of simultaneous 
determination of paired 88Sr/86Sr- 87Sr/86Sr* ratios allow a two-dimensional view of the Sr isotope 
system in three-isotope diagrams which allow to better constrain the present and past Sr budget of 
the ocean. In order to constrain the present Sr budget of the ocean we measured δ88/86Sr and 
87Sr/86Sr*-ratios of a set of river water samples and hydrothermal fluids being the major Sr sources. 
The Sr isotope values of the JCp-1 coral standard were taken to represent the CaCO3 flux to the ocean 
floor being the major sink. Model calculation showed that the modern ocean is not in steady state 
rather the Sr sources supply roughly double the amount of Sr to the ocean then is removed by the 
sinks. 
 
Fietzke, J. and Eisenhauer, A., 2006. Determination of temperature-dependent stable strontium 
isotope (88Sr/86Sr) fractionation via bracketing standard MC-ICP-MS. Geochemistry 
Geophysics Geosystems 7. 
Ohno, T. and Hirata, T., 2007. Simultaneous determination of mass-dependent isotopic fractionation 
and radiogenic isotope variation of strontium in geochemical samples by multiple collector-
ICP-mass spectrometry. Anal. Sci. 23, 1275-1280. 
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VI.1.4 Geologische Vereinigung Annual Meeting 2009 
The Marine Strontium Budget Derived from Paired (87Sr/86Sr*-
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With the normalization to a fixed 88Sr/86Sr=8.375209 ratio to correct for mass dependent 
fractionation during TIMS measurement any natural Strontium (Sr) isotopic fractionation in 88Sr/86Sr 
is ignored and important additional information are lost. A first study performed with a MC-ICP-MS 
(FIETZKE and EISENHAUER, 2006) showed significant fractionation between the IAPSO seawater 
standard and the SRM987 carbonate standard in the δ88/86Sr value. However, with the application of 
the Sr double spike TIMS technique (KRABBENHÖFT et al., 2009)  we are now entering a new dimension 
in Sr isotope geochemistry by the simultaneous measurement of  paired 87Sr/86Sr*-δ88/86Sr values of 
geological samples. The most important advantage of using paired 87Sr/86Sr*-δ88/86Sr values is that 
now a complete balance of the oceans Sr budget can be calculated including Sr input and output 
values. In order to provide a Sr isotope balance for the global ocean we collected paired 87Sr/86Sr*-
δ88/86Sr values of a set of river waters samples, hydrothermal fluids, major marine carbonate 
producers and seawater. In a 3-isotope-plot the IAPSO seawater standard and the the paired 
87Sr/86Sr*-δ88/86Sr values of marine carbonates are connected by a fractionation line, whereas the 
paired 87Sr/86Sr*-δ88/86Sr values of river waters and hydrothermal fluids are connected by a binary 
mixing line. The intercept of these lines provides the isotopic composition of the marine input 
(87Sr/86Sr*=0.709314(9) - δ88/86Sr=0.284(24)). The major Sr output corresponds to the Sr incorporated 
by the major marine calcifiers (87Sr/86Sr*= 0.709312(9)-δ88/86Sr=0.240). The offset indicates that  
modern ocean is apparently not in steady state with respect to Sr. Weathering of young carbonates 
on the shelves during sea level low stands can shift the δ88/86Sr of rivers from its recent value of 
0.300(24) to 0.23‰ to equilibrate in- and output. 
 
Fietzke, J. and Eisenhauer, A., 2006. Determination of temperature-dependent stable strontium 
isotope (88Sr/86Sr) fractionation via bracketing standard MC-ICP-MS. Geochemistry 
Geophysics Geosystems 7. 
Krabbenhöft, A., Fietzke, J., Eisenhauer, A., Liebetrau, V., Böhm, F., and Vollstaedt, H., 2009. 
Determination of radiogenic and stable strontium isotope ratios (87Sr/86Sr/δ88/86Sr) by thermal 
ionization mass spectrometry applying an 87Sr/84Sr double spike. Journal of Analytical Atomic 
Spectrometry 24, 1267-1271. 
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VI.2 Data export and evaluation manual 
To ensure a comfortable data processing an EXCEL© spread sheet for data reduction was developed. 
The aim was to simplify Sr data reduction and to shorten the time needed for evaluation of raw data. 
Emphasis was put to clarity to prevent input errors. Furthermore, a number of criteria have been 
established in order to access the data quality. The actual version of the spread sheet is available at  
U:\FB2\MG\akolevica\QS-Sr-stabil\aktuelles Makro. 
VI.2.1 Data export from TIMS 
The following values have to be exported from the TIMS machine: 
 84Sr; 85Rb; 86Sr; 87Sr; 88Sr; 88Sr/84Sr; 86Sr/84Sr; 87Sr/84Sr; 88Sr/86Sr 
Here you have to make sure that:  
o The “Header” of the files is exported (Export configuration, fig.VI.1) 
o Invalid values are not marked (Export configuration, fig.VI.1) 
o Choose only (Di) in the “View Control” menu (red circle, fig.VI.1) 
 
fig.VI.1: Data evaluation software 
 
Coose a file on the left hand side and then klick “Ex” on the top right side. The *.dat file is then 
exported to a *.exp file which can be used for further data processing. 
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VI.2.2 Data reduction with the EXCEL© spread sheet 
VI.2.2.1 Overview 
 
fig.VI.2: Worksheets within the EXCEL
©
 spreadsheet for stable Strontium data reduction. 
 
Here a brief overview over the worksheets (fig.VI.2) within the stable Strontium evaluation spread 
sheet is given. Detailed information to every single worksheet is given below: 
 
1. “1”-“21”:  Here the TIMS raw data sets are imported to the EXCEL spread sheet. 
2. “précis”: Here the samples are labeled according to their properties (ic-, id-, standard, 
sample, blank) to ensure correct evaluation. 
3. “linear”:  Here a simple linear fractionation law is used for spike correction (not relevant 
for users). 
4. “algo”:  Here a more appropriate exponential fractionation law is used for spike 
correction (not relevant for users).  
5. “plots”:  Here the development of the 88Sr/84Sr isotope ratio during the course of the 
measurement is plotted (Quality control). 
6. “SRM987”:  Here the results for the standard measurements are summarized. 
7. “samples”:  Here the results for the samples are summarized. 
8. “3-iso-plot”:  Here the 88Sr/84Sr is plotted against the 86Sr/84Sr for each sample (Quality 
control). 
9. “Blank and Concentration”: Here the spike/sample ratio and the amount of Strontium in 
each sample is calculated (Quality control). 
10. “QS”:  Here results from linear and exponential evaluation are compared. (Quality 
control) 
11. “update”:  Here the latest updates of the spread sheet are reported. 
  
2. 3. 4. 5. 6. 7. 8. 9. 10.1. 11.
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VI.2.3 Data import to Excel©  
VI.2.3.1 Worksheet “1” – “21” 
This procedure starts in worksheet 1 (left hand side of the red rectangle in fig.VI.2) and is 
schematically displayed in fig.VI.3.  
 
fig.VI.3: Data import in Excel
© 
 
Import the *.exp- files in the displayed way. This procedure has to be repeated for the 21 export-files 
of the analyzed samples in worksheet 1 – 21 (fig.VI.3). Make sure that data is imported to cell A1 of 
every worksheet. 
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 In worksheet 1, three free parameters are marked in green (fig.VI.4).  
 
fig.VI.4: Free parameters in worksheet 1-21. The default settings turned out to be reasonable. 
 
• Isotope min signal: Represents a lower limit for the output voltage of 84Sr. This value 
depends on the method chosen for Strontium measurement and is reasonable for 
maximum voltage of 10 Volts on 88Sr. 
•  Signifikanz T-Test: Here the confidence level of the Rubidium measurement can be 
adjusted. It is testing if the signal on mass 85 is significant above zero. A value of 0.01 
means a confidence level of 99%. When the signal on mass 85 turns out to be significant 
the 87Sr value will be corrected.  
• Rb-corr. Factor: This value represents the isotopic ratio 85Rb/87Sr and hence is not really a 
free parameter. 
Only these parameters can be changed in worksheet 1. They are taken over to worksheet 2-21 
automatically. These worksheets include the traditional radiogenic evaluation (with and without 
rubidium correction). Invalid values are eliminated by a two sigma test.  
VI.2.3.2 Worksheet “précis” 





 (Motfb = mean of the first block)) should be filled with 
numbers. If not, there might be an error occurred during data import (imported in cell A1? Just 
imported header + 126 measurements?).  
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In order to make sure that isotope values are assigned correctly to the algorithm, samples have to be 
labeled in the following way (fig.VI.5): 
 SRM987 Sample 1 Sample 2 Sample x Blank 
IC measurement #1 srm-ic-1 1-ic-1 2-ic-1 x-ic-1  
IC measurement #2 srm-ic-2 1-ic-2 2-ic-2 x-ic-2  
ID measurement #1 srm-id-1 1-id-1 2-id-1 x-id-1 Blk-1 
ID measurement #y srm-id-y 1-id-y 2-id-y x-id-y Blk-y 
fig.VI.5: Labeling of samples 
 
fig.VI.6: Labeling of samples in “précis” worksheet. 
VI.2.4 Data evaluation 
After all turret positions are imported and labeled a summary of isotope ratios are given in the 
worksheets “srm987” (for standard) and “samples” (for all sample measurements”. Here the mean 
values of all measured samples are given with their corresponding errors. 
VI.2.5 Standard measurement 
A summary of isotope ratios of the standard SRM987 is given in the worksheet “srm987”. Please note 
that all ratios are not normalized (mean δ88/86SrSRM987 is NOT zero). Every measurement of the 
standard should be recorded in a srm987 long term table, located at U:\FB2\MG\akolevica\QS-Sr-
stabil\ Langzeit-Standards. 
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VI.2.5.1 Sample measurement 
A summary of isotope ratios of the samples is given in the worksheet “samples”. All isotope ratios are 
corrected for SRM987 offset to 88Sr/86Sr=8.375209 and 87Sr/86Sr=0.710240. SRM987 offsets are found 
in columns R+S. All important isotope ratios (δ88/86Sr, 87Sr/86Srcorr, 
87Sr/86Srnorm-corr and 
87Sr/86Sr*corr) are 
marked with red color in the labeling.  
VI.2.5.2 Blank measurement 
If a blank measurement was performed the 88Sr/84Srcorr and 
86Sr/84Srcorr ratios are shown in 
worksheet“Blank & Concentration” in the cells G3 and G4, respectively (fig.VI.7). If cell I3 is filled with 
the net weight of spiked added to the blank (µl spike=mg), the amount of spike is calculated in J3 and 
K3. 
fig.VI.7: Calculation of blank amount in worksheet “Blank & Concentration” 
VI.2.6 Error detection “cookbook” 
If a sample shows strange isotopic composition (Attention: some natural samples CAN have “strange” 
isotopic composition without there is a problem with the measurement) you have to check for 
indications of a bad measurement run. Therefore we give a “receipt” to find eventual errors that may 
occurred during measurement or sample preparation. When there is a value you wouldn’t expect 
you have to search for the error that may occurred: 
a) Check the plots of the single samples in the worksheet “plots”. Ideally, the signal should 
show a continuous increase. If 88Sr/84Sr ratios show large variations during different 
measurement blocks it might be useful to delete some measurement blocks in the 
corresponding worksheet of the sample (“1” – “21”). 
b) Check if signal intensity on 88Sr is stable and high enough (should be above 3 V when method 
intensity aim was 10 V) in worksheets “1” – “21”. If signal intensity is considerable low and 
produces exceptional isotope ratios (possibly due to consumed sample on the filament) 
these measurement blocks should be deleted. 
c) In the worksheet “3-iso-plot” a 86Sr/84Sr vs. 88Sr/84Sr for all single IC- and ID-measurements 
are shown. All IC measurements should fall onto a linear mass fractionation line (more 
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precisely it is an exponential curve, but the extract on the diagram is nearly linear). If 
deviations from this line are observed, a contamination is likely. In similarity, ID 
measurements should fall onto a linear line, although they are more separated due to 
different spike/sample ratios. If a sample is contaminated delete the label on “précis” 
worksheet. 
d) Check 87Sr/86Sr values of the IC runs of the sample in “précis” worksheet column “T”. 
Compare these values to excepted values (i.e. 87Sr/86Sr=0.709175 for recent marine 
carbonates or seawater samples or ~0.704 for basalts). If one of the IC runs show 
unexceptional values you might delete this measurement in worksheet “précis” by deleting 
the corresponding label (chapter VI.2.3.2). 
e) Look for 84Sr Spike/Sample ratios on worksheet “Blank & Concentration”. Fill in the amount 
of spike added to the ID part of the sample (mg spike=µl spike). Aimed ratio is 20. However 
samples should fall within a reasonable range of 10-50. 
f) In the worksheet “QS” you’ll find a plot, showing the difference of 88Sr/86Sr ID-ratios 
calculated from exponential law and linear law (y-axis), respectively. They are plotted against 
absolute IC 88Sr/86Sr from calculated exponential law (x-axis; this gives the “location of 
fractionation”). Furthermore an empirical function is plotted within the diagram (derived 
from evaluation of ~200 measurements). If huge deviations from empirical function are 
observed, mass fractionation during measurement was NOT exponential. Therefore 
calculated 88Sr/86Sr might not be accurate. 
VI.2.7 Further information 
a) Worksheet “linear” 
In this worksheet the spike correction algorithm uses a linear fractionation law. This is valuable when 
the sample is not fractionated to a large extend during TIMS measurement.  
b) Worksheet “algo” 
Here the exponential law is used for the spike correction algorithm. When the isotopic composition 
of one sample seems strange or is far away from reasonable values you can check in the “algo”-sheet 
whether an ic- or id- measurement has gone wrong. If some values show an indication for bad 
measurement or contamination the mark of this sample in “précis” has to be deleted (see worksheet 
“précis”). The result of this single measurement is then not taken into account for further 
proceedings. 
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c) Worksheet “SRM987” 
Here a compilation of all measures NIST SRM987 standards in your session is given. The results given 
here are not session offset corrected in order to monitor long term machine drifts.  
d) Worksheet “samples”  
Here the results of all measured samples are summarized.  
e) Worksheet “Blank and Concentration” 
In this worksheet the amount of Sr in your sample is calculated. Therefore the amount of spike [mg] 
per filament has to be written in column “I”. Then the Sr amount is calculated through the 88Sr/84Sr 
and the 86Sr/84Sr ratio in column “K” and “L”. These two calculations should result in approximately 
the same values. Additionally the 84Srspike/
84Srsample ratio is calculated which should be around 20. 
f) Worksheet “update” 
Here the latest changes on the Sr evaluation sheet are documented.  
g) Worksheet “Blank and Concentration” 
In this worksheet the amount of Sr in your sample is calculated. Therefore the amount of spike [mg] 
per filament has to be written in column “I”. Then the Sr amount is calculated through the 88Sr/84Sr 
and the 86Sr/84Sr ratio in column “K” and “L”. These two calculations should result in approximately 
the same values. Additionally the 84Srspike/
84Srsample ratio is calculated which should be around 20. 
h) Worksheet “update” 
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VI.3 The Sr double spike data reduction algorithm 
For a deeper understanding of the double spike algorithm a derivation of the equations used for the 
double spike correction is given in the following. The algorithm starts with the simple isotope dilution 
equations. The mixture of a spike and a sample can be expressed for each single isotope as:  
eq.VI.1     N
@¥ 
¦ = N
|d @§¦ + N|@S¦  
and 
eq.VI.2    N
@¥ 
¨ = N
|d @§¨ + N|@S¨  
 
where N are the amounts of isotope A and B, respectively. Dividing these two equations results in: 
eq.VI.3    67; :
@¥ 
 =  !"# D©7 }!DE#7 !"# D©; }!DE#;  
Substitution of N
|d @§¦  and N|@S¦  with: 
eq.VI.4     N
|d @§¦ = N
|d @§¨ ∙ 6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 !"# D©; : = N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eq.VI.5     N|@S¦ = N|@S¨ ∙ 6!DE#7!DE#; : = N|@S¨ ∙ 67; :|@S 
results in: 
eq.VI.6    67; :
@¥ 
 =
 !"# D©; ∙ª7ª;  !"# D©}!DE#; ∙ª
7ª; !DE# !"# D©; }!DE#;  




|d @§¨ + N|@S¨  = N
|d @§¨ ∙ N
¦N¨ 





|d @§¨ + N
¦N¨ 
@¥ 
 ∙ N|@S¨ = N
|d @§¨ ∙ N
¦N¨ 
|d @§ + N|@S¨ ∙ N
¦N¨ |@S 
N




|d @§¬ = N|@S¨ ∙ «N
















with B=84Sr and A=88Sr, 87Sr, 86Sr this results in the equation 11 and 12 of the algorithm for the spike 
correction (fig.II.1, chapter II.3.3): 
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eq.VI.7   





eq.VI.8   






From the isotope dilution equations a Q84 mean can be calculated: 
Q° 
T = Q°JM + Q°JM2  
By rearranging Q84(87)  
eq.VI.9   






a 87Sr/84Sr composition of the spike/sample MIX can be calculated: N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It turns into: 
Q ∙ NN°|@S + N
N°
|d @§ = N
N°
@¥ 
 ∙ J1 + QM 
And finally it turns into equation 1 of the algorithm which is used to calculate a 87Sr/84Sr ratio of the 
spike and sample mixture: 
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eq.VI.10   6'­:
@¥ £¦±£ =
²'∙ª'ª­!DE#}ª
'ª­ !"# D©J/}²'M  
On the basis of that it is possible to calculate a fractionation factor β by using the exponential 
fractionation law: 
eq.VI.11   6³'³­:´Hµ ¶·¸¶ = 6³'³­:´Hµ ´¹º» ∙ ´¼½'´¼½­¾ 






This corresponds to equation 2 in the algorithm. This β can then be used to calculate the isotopic 
composition of the mixture (eq. 3 and eq.4 of the algorithm): 
eq.VI.13   6³³­:´Hµ ¶·¸¶ = 6³³­:´Hµ ´¹º» ∙ ´¼½´¼½­¾ 
eq.VI.14   6³³­:´Hµ ¶·¸¶ = 6³³­:´Hµ ´¹º» ∙ ´¼½´¼½­¾ 
Expanding the fraction 
³ËÊÄÎÏÉ NÐ³ËÎNÑÉ  results in eq.6 of the algorithm: 
Ò»º´ÓÀ¹ HÔÒ»ÓHÕ¹ =  
Ò»º´ÓÀ¹ HÔ° ∙ ÒÒ°»º´ÓÀ¹ HÔÒ»º´ÓÀ¹ HÔ° ∙ ÒÒ°»ÓHÕ¹
= =° ´¹ºÖ ∙ 
ÒÒ°»º´ÓÀ¹ HÔÒÒ°»ÓHÕ¹
 
This allows the calculation of the 88Sr/86Sr ratio of the sample by rearranging the isotope dilution 
equation (eq.7 in the algorithm flow chart): 
 
Ò»º´ÓÀ¹ HÔÒ»ÓHÕ¹ =
ÒÒ´Hµ ´¹º» − Ò
Ò»º´ÓÀ¹ HÔÒÒ»ÓHÕ¹ − Ò
Ò´Hµ ´¹º»
= =JM 
Ò»º´ÓÀ¹ HÔÒ»ÓHÕ¹ ∙ ÒÒ»ÓHÕ¹ − Ò»º´ÓÀ¹ HÔ
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With the exponential fractionation law a new fractionation factor βnew can be calculated (eq.8 in the 
algorithm flow chart): 
 
ÒÒ»º´ÓÀ¹ ³¹Ù = Ò
Ò»º´ÓÀ¹ HÔ ∙ ÚÛÜ
ÚÛÜ¾ 







With βnew better isotopic ratios of the sample can be calculated (eq.9 and eq.10 in the algorithm flow 
chart): 
ÒÒ°»º´ÓÀ¹ ³¹Ù = Ò
Ò°»º´ÓÀ¹ HÔ ∙ ÚÛÜ
ÚÛÜ°¾ 
ÒÒ°»º´ÓÀ¹ ³¹Ù = Ò
Ò°»º´ÓÀ¹ HÔ ∙ ÚÛÜ
ÚÛÜ°¾ 
ÒÒ°»º´ÓÀ¹ ³¹Ù = Ò
Ò°»º´ÓÀ¹ HÔ ∙ ÚÛÜ
ÚÛÜ°¾ 
 
With latter values the algorithm starts again until abortion criteria is reached. 
 
 




At first I want to thank Prof. Anton Eisenhauer for intrusting me with the development of the Sr 
double spike method and his professional support during the whole course of my PhD. Additionally, 
Toni is kindly acknowledged for providing the great sample set on which our second publication is 
based. He really was a super-supervisor to me even if we had our disagreements from time to time. 
I want to say a special thank you to Jan Fietzke who shared a lot of time with me freezing in front of 
the IFM-GEOMAR building while having a cigarette and discussing scientific problems. He really has a 
great share on this PhD-thesis and even if he was busy all the time he was never hesitating to answer 
my questions and helped me whenever he could. 
Furthermore I like to thank Florian Böhm who supported my work with the knowledge of an 
excellent scientist. Discussion with him always resulted in progress of my work. Whenever I needed 
to find some literature he was the one who instantaneously advised a good publication.  
Volker Liebetrau is acknowledged for his enthusiasm and for supporting me with his pansophy in all 
areas of my research. Ana Kolevica deserves my special thanks. In the beginning of my work at the 
IFM-GEOMAR she supported me by introducing me to all laboratory procedures and mass 
spectrometers. She is always happy and I will remember her as the “good soul” of the institute.  
Hauke Vollstaedt of course is acknowledged for the fruitful und always funny discussions which often 
resulted in new ideas and different views on special problems. We had a great cooperation that 
accelerated the evolution of stable Sr isotope work to at least Mach 4. He really is one of the best 
colleagues one can imagine and surely will become a great scientist.  
Jazec Raddatz is kindly acknowledged for the great time I had with him during the development of 
our manuscript and for being a friend. Of course he is also acknowledged for the scientific discussions 
we had and for developing simple phrases for complicated things like the “Interval of Maximum 
Calcification” – the “IMCA” – which I am sure will be known to every coral scientist in the future. All 
the colleagues that shared the office with me are kindly acknowledged for their support, their strong 
nerves and for the always nice and funny conversations we had. Tonja Soós as well as her lovely kids 
deserves special thanks because they had to suffer a lot from my unpredictable mood swings while 
working on this thesis. 
Last but not least I will thank my family. They supported me in everything I have done in the past. 
Without them this work would have never been realized. And, of course I would like to thank all the 
people I might have forgotten. 
Thank you all! 
  
CURRICULUM VITAE CHAPTER VI – APPENDIX 
128 
VI.5 Curriculum Vitae 
 






Address:   Schneiderkoppel 22 
    24109 Melsdorf, Germany 
Phone:    +49 176 2383296 
Email:    ankrabbenhoeft@ifm-geomar.de 
Date of birth:   12. January 1977 





Since 02/2008   PhD-student at the Leibniz Institute of Marine Science at Kiel 
University, IFM-GEOMAR 
10/2002 – 4/2007  Studies of physics/astronomy at the Ruprecht Karls University of 
Heidelberg. Degree: Diplom-Physiker 
Diploma Thesis: „Lucky Imaging of Quasar-Host-Galaxies“  
10/1998 - 10/2002  Studies of physics at the University of Siegen 
 
